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DESCRIPTION 

IMMUNOGLOBIN-LIKE DOMAINS WITH INCREASED HALF LIVES 

1. FIELD OF THE INVENTION 

The present invention relates generally to the field of the transport of serum proteins 
and antibodies mediated by the Fc receptor, FcRn, and further to the effect on serum half life 
of agents that interact with the Fc receptor in a pH depmdent way. 

2. DESCRIPTION OF RELATED ART 

IgGs constitute the most prevalent immunoglobin class in the serum of man and other 
mammals and are maintained at remarkably constant levels. Recrat studies indicate that the 
m^or histocompatibility conq)Iex (MHC)-class I related receptor, FcRn, is mvolved in the 
homeostasis of serum IgGs (Ghetie e/ a/. , 1 996; Junghans and Anderson, 1 996; Israel et cd. , 
1996). This recq)tor most likely acts as a salvage receptor, and this would be consistent with 
its known ability to transcytose IgGs in intact form across the neonatal gut (Wallace and Rees, 
1980; Rodewald and Kraehenbuhl, 1984 ) and yolk sac (Roberts c/o/,, 1990; Israel etaL, 
1995) or placenta (KristoflFersen and Matre, 1996; Simistere/ai, 1996; Leach a/., 1996). 
The interaction site of FcRn on mouse IgGl (mlgGl) has be«i mapped using site-direaed 
mutagenesis of recombinant Fc-hinge fragmwits, fbUowed by analysis of these fragments both 
in vivo and in vitro(Kjm et al, 1994b; Medesan et al., 1996; 1997). From these studies, 1253 
(EU numbering (Edebnan et al,, 1969)), H310, H435 and to a lesser extent, H436 play a 
cratral role in this interaction. These amino adds are located at the CH2-CH3 domain 
mterface (Ddsenhofer, 1981), and the mapping of the fimctional ate to these residues is 
consistent with the X-ray crystallographic structure of rat FcRn complexed with rat Fc 
(Burmeister et a/., 1994b). 

The FcRn interaction site encompasses three spatially close loops cony>rised of 
sequences that are distal in the primary amino acid sequence. The central role of Fc histidines 
in building this site accounts for the marked pH dq>endence (binding at pH 6.0, release at pH 
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7.4) of the Fc-FcRn interaction (Rodewald and Kraehenbuhl, 1984 ; Raghavan et aL, 1995; 
Popov et cd,, 1996), as the pKa of one of the imidazole protons lies in this pH range. 1253, 
H3 10, H435 and to a lesser degree, H436, are highly conserved in IgGs of both human and 
rodent IgGs (Kabat et al., 1991). This, takai together with the isolation of a human homolog 
5 of FcRn (Story et al, 1994), indicate that the molecular mechanisms involved in IgG 

homeostasis are common to both mouse and man and this has implications for the modulation 
of the pharmacokinetics of IgGs for use in therapy. 

To date, in studies to identify the FcRn interaction site on Fc, mutations of Fc-hinge 
fragments have been nmde that reduce the swum half lives of the corresponding Fc-hinge 
10 fragments (Medesan et al., 1997; Kim et al., 1994a)- The correlation between serum half life 
and binding affinity for FcRn is excellent for these mutated Fc-hinge fragments (Kim et aL, 
1994b; Popov ei al., 1996), suggesting that if the affinity of the FcRn-Fc interaction could be 
increased, whilst still retaining pH dq)«dence, this would result in an Fc fragment with 
prolonged serum persistence. Production of such a fragment would be a agnificant advance in 
. 15 the en^eCTing of a new gen^ation of therapeutic IgGs with improved pharmacokinetics such 
as increased persistence in the circulation. But to date, no such fragments have been 
produced. 

Immunoglobulin Fc domains are also of great interest for purposes of studying the 
mechanisms of antibody stabilization, calabolism and antibody intaractions with fiuthcr 
20 molecules ofthe immune system. These indude, depending on the class of antibody, 

interactions with complement, and binding to spedfic receptors on other cells, induding 
macrophages, nwtrophils and mast cells. More d^ed knowledge of tiie biology of Fc 
regions is important in understanding various molecular processes of the immune systan, such 
as phagocytosis, antibody-dependent cell-mediated cytotoxidty and allergic reactions. 

25 The production of a longer-lived Fc fragment that has increased binding to FcRn would 

be attractive, since such a fragment could be used to tag therapeutic reagents. Chimeric 
proteins produced in this manner would have the advantage of high m vivo stability which 
would allow fewer doses ofthe agent to be used in th^py and possibly even allow lower 
doses ofthe agent to be used through its increased persistence in the bloodstream. 

-2- 
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Unfortunately, methodology for generating proteins, sudi as antibody fragments, with 
increased serum persistence has not yet been developed. 

SUMMARY OF THE INVENTION 

The present invention seeks to overcome deficiencies in the art by providing functional 
protons, antibodies or othw agents that have an increased serum half-Ufe through the 
interaction with Fc receptor (FcRn). These functional agents include any molecule that binds 
to FcRn in a pH dependent way such that binding affinity is strong at about pH 6 to about pH 
6.5 rehitive to bindbg at pH 7.4. Physiologically, this aUows the agent to be salvaged by FcRn 
at lower pH and released into the essentially neutral pH environment of the serum. Tht 
present disclosure includes proton and peptide compositions having altered serum half-lives 
relative to IgG, methods of making such proteins or peptides, eitiio- starting with a known 
sequence or by screening random sequences, and metiiods of screening unknown candidate 
agents for pH dependent FcRn binding. In addition, disclosed herem are metiiods of making an 
agent witii ahered serum half-life by conjugating or otiierwise binding of tiiat agoit to a moiety 
identified as having an increased serum half-Ufe tiirough its interaction witii FcRn. Such agents 
would inchide, but are not limited to antibodies, fiagmoits of antibodies, hormonoj, receptor 
ligands. immunotoxins, tiierapoitic drugs of any kind, T-ceD receptor bindfaig antigens and any 
otiier agem tiiat may be bound to tiie increased serum half life moieties of tiie present 
invention. 

Also disclosed are metiiods of increasing tiie FcRn binding aflBnity of an FcRn binding 
protein or peptide so tiiat tiie protein or peptide will have an increased serum half-life. These 
metiiods include identifying amino acids tiiat directiy imeract witii FcRn. These amino acids 
may be idoitified by tiidr being highly conserved over a range of species, or by any otiier 
meUiod. Otiier metiiods would include, for example, mutation or blocking of tiie amino acid 
and screenmg for reduced bhiding to FcRn, or by a study of tiiree dimoisional structure of tiie 
interaction, or by otiier metiiods known in tfie art. When tiiose residues are idoitified tiiat 
directiy interact, tfien secondary amino acids are identified whose side chains are in tiie spatial 
vicinity of tiie direct irteraction. In tiie case of antibodies, tiiese secondary amino acids often 
occur in loops so tiiat tiiey are exposed to tiie solvoit. In tiiis way, mutation of tiiese amino 

-3- 
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acids is not expected to disrupt the native protein structure. These identified secondary amino 
acids are then randomly mutated and the mutated proteins or peptides are then screened for 
increased binding affinity for FcRn at about pH 6 relative to the non-mutated protein or 
peptide. This method is applicable to any protein or peptide that binds FcRn in a pH 
dependent way and all such proteins or peptides would be encompassed by the present claimed 
invention. It is also understood that random mutation, in and of itself, does not constitute the 
invention, and that the secondary amino adds may be specifically mutated or modified or 
derivatized in any way known in the art and then screened for the effect on FcRn binding. 

In certain broad aspects, the invention encompasses the design and production of 
recombinant antibody or antibody Fc-hinge domains engineered to have increased in vivo, or 
serum half lives. The Fo-hinge domam mutants with increased serum half Uves of the present 
invention are generally defined as mutants in which one or more of the natural residues at the 
CH2-CH3 domain interfiice of the Fc-hinge fragment have been exchanged for alternate amino 
acids. Such Fc-Wnge domain mutants may also be fimctionally defined as mutants which 
exhibit impaired SpA (Staphylococcal protein A) binding. In preferred embodiments, the 
increased half-life Fc-hinge mutants will have changes in certam amino acids between about 
residue 252 and about residue 436, which have been discovered to form, or be in dose 
proximity to, the 'catabolic control site'. 

In a fiirther embodiment, the invention encompasses the isolation of peptides or agents 
that bind to FcRn with an affinity that may not necessarily be greater than that of the IgGrFcRn 
mteraction yet the peptides or agents stffl have a measurably longer half life than a similar 
peptides or agents that do not bind to FcRn in a pH dependent manner as described herein. It 
is emnsioned that such peptides or agents are usefiil as a stabilization "tag" for a therapeutic 
agent or protein. 

More particularly, the present invention concerns mutant Ig domains and antibodies 
containing domains in which one or more of the following amino adds have been exdianged 
for other residues: threonine (thr) at position 252, threonine at position 254, threonine at 
position 256 (wherein the amino adds are numbered according to Rabat et al., (1991)). To 
increase the half life of an Fc-hinge domain, or intact antibody, any of the above residues may 

-4- 



wo 97/34631 PCT/US97/03321 

be substituted for any other amino acid residue and then variants that have higher afSnity for 
FcRn may be selected using bacteriophage display, for example, or by any other method 
known to those of skill in the art. Substitution can advantageously be achieved by any of the 
molecular biological techniques known to those of skill in the art, as exemplified herein below, 
5 or even by chemical modification. 

Certain increased half-life antibodies or domains will be those which include one or 
more of the following substitutions on the Kabat numbering systan, or their equivalents on 
different numbering systems: threonine (thr) 252 to l»icine (leu) 252, threonine 254 to serine 
(ser) 254. threonine 256 to phenylalanine (phe) 256. An example as disclosed herdn is the 
10 triple mutant termed LSF -w^ich contains the three mutations: threonine 252 to leudne 252, 
threomner254 to serine 254, threonine 256 to phenylalanine 256. 

The production of Fc-Wnge domains with longa- in vivo half lives is an advantageous 
development in that it fiirther delineates the site for the control of IgGl catabolism to a spedfic 
region of the Fc-hinge Augment, and in practical terms, it has several important applications. It 

15 allows the design and construction of antibody molecules, domains, or fiagments, such as 
bivalent Fab fragments, with longw half lives. These would be generally usefiil in that the 
slower biological dearance times would result in fewer administrations of ai^ antibody or 
vacdne such that fewer "booster" vacdnations may be required. Furthermore, these molecules 
with longer half lives can be used to tag othw therapeutic molecules, such as vacdne 

20 molecules. The catabolic ate ddineated in this invention is distinct from the ADCC and 
complement fixing sites. This is important as antibodies may be produced which are 
completely functional and which have longer half Uves. Other important uses indude, for 
example, antibody-based systanic drug deUvery, tiie creation of iramunotoxins witii longer 
lives or even antibody-based immunotherapy for chronic iUnesses or conditions such as hay 

25 fever or other allergic reactions, or treatment of T-cdl mediated autoimmune disorders by anti- 
T-cell recq)tor antibodies or T-cell antigens. 

The Fc-hinge domain mutants may also be employed in embodiments otijer Uian those 
involving clinical administration, for example, in tiie isolation of receptors involved in IgG 
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cataboUsm. To this end, one may use screening assays or differential screening assays in which 
the mutants would exhibit Irinding or increased binding to a potential catabolic receptor. 

The discoveries (tisclosed herein concerning antibody catabolism are also envisioned to 
be useful to increase the in vivo half Ufe of virtually any recombinant protein, and particularly a 
5 recombinant antibody, which one desires to administer to a human or animal. An antibody or 
recombinant protein that was found to be cleared from the body more cpiiddy than ideally 
desired could be engineered at the residues identified herein, or in the vidnity of amino acids 
that are discovered to directly interact with FcRn, such that its in vivo half life was increased. 

In certain other embodiments, the present invention contenplates the creation of 
10 recombinant molecules, particularly antibody constructs, inchiding vaccines and immunotoxins. 
with increased in vivo half lives. Longevity of recombinant molecules is often needed, and 
several protocols would benefit firom the design of a molecule which would be more slowly 
removed from circulation after exerting its designed action. This may include, for example, 
antibodies administered for the purpose of scavenging pathogens, toxins or substances causing 
15 biological imbalances and thereby preventing them from harming the body; and antibodies 

designed to provide long-term, systemic deUvery of imnmnotherapeutic drugs and vaccines. 

To generate a domain, antibody or antibody construct with a longer half-life, one 
would modify the natural residues at the CH2-CH3 domain inteifece of the Fc-Wnge which 
either form the "cataboHc control site" or are in dose proximity to it. Several sudi catabolism 
20 controlling mutations are described herein which may be straightforwardly engineered into an 
antibody molecule or antibody conjugate. These include, substituting another residue for 
threonine 252, threonine 254. threonine 256, methionine 309, ghitamine 311 and/or asparagbe 
315 (Kabat etaL, 1991). The present invention also provides an advantageous method for 
determiiung other residues important for catabolism control. 

25 The proteins or peptides of the present invention may be expressed from recombinant 

plasmids or expression vectors adapted for expression of immunoglobulin-like domains, such 
as antibody domains, or other proteins or peptides in recombinant host cells. Recombinant 
plasmids thus may comprise a DNA segment coding for one or more immunoglobulin-like 
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domains. Accordingly, any one or more of a wide variety of immunoglobulin-like domains or 
other protein or peptide may be incorporated into a recombinant vector and expressed in a host 
cell in accordance herewith. These include, but are not limited to, variable or constant 
domains from IgG. IgM. IgA, IgD. IgE. T cell receptors, MHC class I or MHC dass H, and 
also, CD2, CD4, CD8, CD3 polypeptides, Thy-1 and domains from the PDGF receptor, N- 
CAMorNg-CAM 

In certain embodiments, the present invention concerns the expression and production 
of antibody constant domains. The production of antibody Fc-Wnge, Fc, CH2-hinge or CH3 
domains is preferred, with Fc-hinge or Fc domains bang particularly preferred due to their 
longer in vivo half Uves. In other instances, the production of Fc-hinge domains (or antibodies 
incorporating such domains) with mutations at thr 252, thr 254 or thr 256 is preferred as these 
have specifically longer half lives. Such mutants are exemplified by thr 252 to leu 252, thr 254 
to ser 254 and thr 256 to phe 256. 

Various segments or subfragments of any of the above domains, as well as other 
variable or constant domains, may also be employed in accordance herewith. These domains 
include, for example, the immunoglobulin domains CHI. Variations of immunoglobulin 
domains other than those specifically described above also ftU within the scope of the 
invention. Such variations may arise from naturally-occuning or gaietically mgineeied 
mutations, such as point mutations, deletions and other alterations aflfecting one or more amino 
adds or the addition of amino adds at the N or C termini. 

Furthermore, while the invention has been illustrated with murine FcRn and 
immunoglobulin fragments, similar strategies are appUcable to immunoglobulin-like domains or 
other proteins or peptides from a variety of other spedes, induding mammals such as rat, and 
more particularly, human immunoglobulin-like molecules. In Ught of the stiuctural similarity of 
the immunoglobulin-like domains, and the conservation of the immunoglobulin superfemily 
throughout evolution, it is contemplated that the techniques of the present invemion will be 
directly appUcable to the expression and recombinant production of an immunoglobulin-like 
domain from any given spedes. 
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Other DNA segments may also be included Unked to the immimoglobulin-like domains 
described. For example, one or more recombinant antibody variable domains of varying 
specificities may be linked to one or more antibody constant domains. immunoglobuUn 
constam domains, or even other proteins, such as bacteriophage coat protein genes, hormones 
or antigens, including T-ceU receptor antigens The antibody constant domains of the present 
invention may also be combined with another immunoglobulin domain, or indeed, with any 
other protein. The immunoglobulin constant domains may be variously expressed as a single 
domain, such as a CH3 domain; or in combination with one. two. three or more domains, such 
as. for example, as a CH2-hinge domain, an Fc domain, or an entire Fc-hinge domain. In 
particular embodiments, discussed in more detail below. Fc or Fc-hinge domains may be linked 
to any protein to produce a recombinam fusion with enhanced biological stabiUty, or certain 
mutants may be employed to create antibodies or fusion proteins with increased half lives. 

Once expressed, any of the products herein could be radiolabeled or fluorescently 
labeled, or attached to soUd supports, including sepharose or magnetic beads or synthetic 
bilayers such as liposomes. The products could also be linked to carrier proteins such as 
bovine serum albumin. The Fc constant domains, or constant domains in combination with 
other proteins, could also be linked synthetically to co-receptors such as the extraceUular 
domains of CD4 or CDS. 

Recombinant, or cloning, vectors are included in one aspect of the present invention. 
Such vectors and DNA constructs wUl be usefiJ not only for directing protein expression, but 
also as for use as templates for in vitro mutagenesis. Vectors will generally include a leader 
sequence, preferably pelB (Better et ai, 1988). although other leader sequences may be used, 
for example, alkaline phosphatase (phoA) or ompk. In a preferred embodiment, thepe/B 
leader segment is modified with a unique restriction site, such as Ncol, allowing insertion of 
antibody variable domain genes. Introduction of such restriction sites is a convenient means of 
cloning in a DNA segment in the same reading frame as the leader sequence. 

Modification of the leader sequence DNA may be achieved by altering one or more 
nucleotides employing site-directed mutagenesis. In general, the technique of site specific 
mutagenesis is well known in the art as exemplified by publications (Carter et ai, 1985; 
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Sambrook et al., 1989). As will be appreciated, the technique typically employs a phagemid 
vector which exists in both a single stranded and double stranded form. Alternatively, mutants 
may be generated by using the PGR ™. Typical vectors usefixl in site-directed mutagenesis 
include vectors such as the Mi3 phage (Messmg el al., 1981) or pUC 119. These vectors are 
readily commercially available and their use is generally well known to those skilled in the art. 
Alternatively, methods of site-directed mutagoiesis employing double stranded plasmids or 
phagemids and the like are also well known in the art and may also be used in the practice of 
the present invention. 

Site directed mutagoiesis in accordance herewith is performed by first obtaming a 
single stranded vector which inchides within its sequence the DNA sequence encoding a leader 
sequen<^ pelB bring used herewith. An oligonucleotide prima- bearing the desired mutated 
sequence is prepared, generally synthetically, for example by the method of Narang et al. , 
(1980). The primer is annealed with the angle stranded vector and subjected to DNA 
polymerizing enzymes such as the £ coli polymerase I Klenow fragment. In order to complete 
the synthesis of the mutation bearing strand, a heteroduplex is formed wherein one strand 
encodes the original non-mutated sequence and the second strand bears the desired mutation. 
The heteroduplex may be transformed into a bacteial cell, withjE coli. bong pr^rred. 
Clones are screened uang coloiqr hybridization and radiolabeled mutagenic oligonucleotides to 
identify colonies which contain the mutated plasmid DNA (Carter et al., 1985). PCR™ 
directed mutagenesis, using double-stranded DNA templates, is particularly suitable for 
generating increased half life mutants. PCR ™ mutagenesis typically involves the use of a 
prima- encoding one or more alternate or random amino acid in one or more amplification 
reactions. 

Constructs may also include a "tag" usefo] for isolation and purification of the 
expressed polypeptide product. Tags are relatively short DNA segmems &sed in-fhune with a 
sequence encoding a desired polypeptide, such as polyhistidine. which have the fimction of 
facilitating detection, isolation and purification. For example, aflBnity peptides may be encoded 
by tiie segments, aUowing isobtion by selective binding to specific antibodies or aflBnity resins. 
Any of a number of tags may be used, including tiie c-myc tag. {his^ tag, decapeptide tag 
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(Huse et al. , 1989), Flag™ (Immunex) tags and so forth. A number of the tags are also useful 
for the detection of expressed protein using Western blotting (Ward et al., 1989; Towbin et 
al, 1979). 

{His)(, tags, for example, are preferable for purifying secreted polypeptide products on 
affinity m«al chromatography columns based on metals such as Ni**. The (Ws)6 peptide 
chelates Ni^* ions with high affinity. Polypeptide products containing these residues at the N 
or C termini bind to the affinity columns, allowing polypeptide impurities and other 
contaminants to be washed away as part of the purification process. Polypeptide products can 
then be duted from the column with high efficiency using, for example. 250 mM imidazole. 

Pqrtide tags, or linkers, may also be incorporated into the immunoglobin product. For 
single chain Fv or T ceU receptor (TCR) fragments, preferred linker peptides include a 1 S-mer, 
for example, (gly4ser)3, or other linkers, such as tiiose described in Filpula and Whitiow 
(1991). 

As mentioned above, recombinant vectors of tije present invention may also include 
DN A segments enco<Ung various other protdns. In particular, it b envisioned that 
recombinant vectors encoding antibody Fc-Knge or Fc domains may also include DNA 
segments encoding otiier proteins, or fragments tiiereoC particulariy where one wishes to 
produce tiie protein in a form thai has a longer serum half life. It is envisioned tiiat the serum 
stabiUty of proteins or peptides mtended for administration to animals or humans may be 
increased in tiiis manner. Examples of such proteins or peptides include, for example, 
interieukin-2, interieukm-4, y-inteiferon, insulin, T cell epitopes and the like, and even TCR V. 
Vp. A variety of synthetic drugs could, likewise, be stabilized in tiiis nuumer. 

DNA segments encoding such proteins may be operatively incorporated into a 
recombinant vector, in frame with tiie Fc-based domain, whether upstream or downstream, in a 
position so as to render the vector capable of expressing a proteinic domain fusion protein (or 
a protein:Fc-hinge domain fusion protein). Techniques for tiie manipulation of DNA segments 
in tills manner, for example, by genetic engineering using restriction endonucleases, will be 
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known to those of skill in the art in light of both the present disclosure and references such as 
Sambrooke/a/. (1989). 



The invention has been illustrated with prokaryotic host cells, but this is not meant to 
be a limitation. The prokaryotic specific promoter and leader sequences described herein may 
5 be easily replaced with eukaryotic coimterparts. It is recognized that transformation of host 
cells with DNA segments encoding any of a number of immunoglobulin-like domains will 
provide a convenient means of producing fully functional protdns, such as for example, 
functional IgGs. Both cDNA and graomic sequences are suitable for ^ikaryotic expression, as 
the host cell will, of course, process the genomic transcripts to yield functional mRNA for 
10 translation into protein. Increased half life mutant domains and antibodies may be produced in 
glycosylated form in ^ikaryotic systems which fix complement, and mediate ADCC. 

It is similarly believed that almost any ^ikaryotic expression system may be utilized for 
the expression of proteins and peptides of the present inv^on, e^., baculovirus-based, COS 
cdl-based, myeloma cell-based systems could be employed. Plasmid vectors would 
15 incorporate an origin of replication and an efiSdent eukaryotic promoter, as exemplified by the 
«ikaryotic vectors of the pCMV series, such as pCMVS. 

For expression in this manner^ one would position the coding sequences adjacent to 
and under the control of the promoter. It is understood in the art that to bring a coding 
sequence under the control of such a promoter, one positions the 5' end of the translation 
20 initiation site of the translation reading fi-ame of the protein between about 1 and about 50 
nucleotides "downstream" of (/.c, 3' of) the chosen promoter. 

Where eukaryotic expression is contemplated, one will also typically desire to 
incorporate into the transcriptional unit, an appropriate polyadenylation site (e.g., 5'- 
AATAAA-3') if one was not contained within the original cloned segment. Typically, the poly 
25 A addition site is placed about 30 to 2000 nucleotides "downstream" of the termination site of 
the protein at a position prior to transcription termination. 
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As used herein the term "engineered" or "recombinant" cell is intended to refer to a cell 
into which a recombinant gene, such as a gene encoding an immunoglobulin-like domain, has 
been introduced. Therefore, engineered cells are distinguishable from naturally occurring cells 
which do not contain a recombinant gene that is introduced by transfection or transformation 
5 techniques. Engineered cells are thus cells having a gene or genes introduced through the hand 
of man. 

Suiteble host cells useful in the practice of the mvention include gram-negative 
organisms and might inchide Serratia marcescens. Salmonella typMmurivm and amilar 
species. A particularly preferred host cell is Escherichia coft and the several variants of £ coli 
10 that are readily avulable and wdl known to those of skiD in the art. 

A particular aspect of the invention is a mrthod for the production of inununoglobuBn- 
like domains, such as, native or mutam antibody constant domains, or subfragmeots or fusion 
protons thereof To produce such domains or modified domains, a gram-native 
microorganism host ceU is first transformed with any of the disclosed recombinant vectors, and 
15 then cultured in an appropriate baaerial culture medhmi under conditions to allow expresaon 
of the inununoglobulin-like domain(s), which may be subsequently isolated. 

Cuhuring typically conqirises growing and induction. Growing is convem«aitly 
performed in such media as Luria broth plus 1% glucose, 4 x TY (double strength 2 x TY) 
phis 1% ghicose, minimal media plus casamino acids and 5% w/v glycerol with temperatures in 
20 the range of 20°C to about 37X. preferably between 25-3(yC. In preferred ennbodimerts, the 
media will contain a selection agent, such as ampicillin at a concentration of 0. 1 mg/ml to 
select barterial ceUs which contain the expression phismid. Naturally, one will choose a 
particular selection agem in conjunction with the plasniid construct originally employed, as is 
known to those of sldll in the art. 

25 Induction of expression is typically performed at a point after growth has been initiated, 

usually after 12-16 hours at 30°C. This length of time results in the ceUs being in the early 
stationary phase at the induction stage. If the growth medU cortains glucose, the cells are 
peUeted and washed prior to addition of an inducer, such as isopropylthiogalactopyranoside 
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(IPTG) at a concentration of 0. 1-1 mM, since glucose inhibits induction of ejq>ression. Again, 
a variety of other inducers may be employed, according to the vector construct originally used, 
as is known in the art. Cdls may be grown for shorter periods prior to induction, for example 
for 6-10 hours, or to the mid-wtponential stage of growth. Cells are induced for 5-28 hours. 
Five to six hours of induction is a preferred induction time if the protein is to be isolated from 
the periplasm, since longer induction times result in the protein leaking into the cuhure 
supoTiatant. However, it may be desirable to isolate product from the external medium, in 
which case one would prefer using longer induction times. Temperatures in the range of 20'*C 
to ST'C may be used as growth and induction temperatures, with 25*C being a preferred 
induction temperature. 

Isolating polypeptide products produced by the microbial host cdl and tocated in the 
periplasmic space typically involves dismpting the microorgamsm, generally by such means as 
osmotic shock, sonication or lysis, but preferably by osmotic shock. Once cells are disrupted, 
cells or cell debris may be conveniently removed by centrifugation or filtration, for example. 
The proteins may be further purified, for example, by aflBnity metallic resin chromatography 
what appropriate pqjtide tags are attached to the polypeptide products. 

Akemativefy, if the induction paiod is longer than 8 hours (at 25°C, for example), so 
that the protean leaks into the culture supernatant, cells may be removed from the culture by 
centrifugation and the culture supernatant filtered and concentrated (for example, 10-20 fold). 
Concentrated supernatant is then dialyzed against phosphate buflFered saline and separation • 
adiieved by column chromatography, such as aflBnity or adsorption chromatogr^ty. An 
example is separation through Ni^*-NTA-agarose to separate appropriately tagged proteins 
such as those carrying a (/tts)6 tag. When these tags are used in the construction of an 
expression vector, histidine tags are particularly prefened as they fecHitate isolation and 
purification on metallic resins such as Ni*^- NTA agarose. 

As used herein, the tenn "biologically stable protein" is intended to refer to a protein 
which has been modified resulting in increased serum half Ufe with respect to the original 
protein. This term encompasses both known recombinant proteins and also proteins for which 
the recombinant form has not yet been reported. As such, increased biological stabUity may be 
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measured whh respect to the known or original recombinant protein, or with respect to the 
native protein. Biological stability may be measured by a variety of in vitro or in vivo means, 
for example, by using a radiolabeled protein and measuring levels of serum radioactivity as a 
function of time, or by assaying the levels of intact antibody (of known specificity) present in 
5 the serum using ELISA as a function of time, with a particularly preferred measure of 
increased biological stability being evidenced by increased serum half life and decreased 
clearance rates. 

To produce a biologically stable recombinant protein in which the protein in question is 
linked to an antibody Fc-hinge domain or an antibody Fc domain, in accordance herewith, one 
10 may first prepare a recombinant vector capable of expressing a proteiniFc-hmge or proteinrFc 
domain fiision protein in a gram-negative host, as described hereinabove. Onewouldthen 
insert the recombinant vector into a gram-negative bacterium and culture the bacterium under 
conditionseffectivetoallowtheexpiessionofthefiisionproteia FoUovnng this, one may then 
proceed to isolate the fiision protein so produced, for example, using the methods of the 
15 present invention. 

The above method is proposed for use in tiie generation of a scries of therapeutic 
compounds witii improved biological stability. Such compounds include, for example, 
interieukin-2. insulin, interleukin-4 and interferon gamma, or even T cell receptor V. Vp. The 
recombinant Fc domains of this invention are also contemplated to be of use in stabilizing a 
20 wide range of drugs, whidi would likdy alleviate tiie need for tiwir repeated administration.- 
However, tiie present metfiods are not limited solely to the production of proteins for human 
administration, and may be employed to produce large quantities of any protein witii increased 
stability, such as may be used, for example, in immunization protocols, in animal treatment by 
veterinarians, or in rodait in vivo tfierapy modds. 

25 A mutant Fc-hinge domain has been generated in tiie present invention and is herein 

shov. ■ to have a dramatically increased in vivo half life in comparison to native domains. The 
present invention tiierefore fiirtiier encompasses metiiods by which to produce antibodies or 
proteins witii extended biological half lives. These metiiods include, firstiy, coupling a protein 
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or an antibody variable domain to an increased half life mutant domain of the present invention, 
as described above. To produce such antibodies or proteins one would prepare a recombinant 
vector capable of expressing the desired fusion or mutated protein, insert the vector into a 
gram-negative bacterium, culture it to allow expression and isolate the antibody or protein so 
produced. These techniques are applicable to any antibody or protein which one desires to 
have a longer biological half life, including antibodies and immunotoxins. 

Another method of the invention, particularly suited to producing antibodies with 
increased serum half lives, is to simply modify a given antibody at one or more of the residues 
disclosed herein either at, or in proximity to, the catabolic control site. This may be achieved 
chemically, or by random or site-directed mutagenesis and recombinant production using any 
known production method. A preferred method is to replace the indicated residues with all of 
the remaining 19 residues and then select (using phage display if more than one residue is 
mutated simultaneously) mutants that have higher aflSnity for FcRn. The selected mutants 
should also bind to FcRn in a pH dependwit manner as described herein, the pH can be 
controlled during the selection steps. This sdection method also is applicable to random 
peptide libraries or or any other randomly mutated protein. Antibodies engine^ed in this 
manner may be single antibodies, domains. Fab fragments, or antibody conjugates sudi as 
immunotoxins and antibodies used for th^;^)eutic regimens. 

Also contemplated within the scope of the invention are recombinant immunoglobulin- 
like domain products, such as variable or constant antibody domains; antibodies, antibody • 
constructs, antibody domains or immunotoxins with extended half lives; or domains from 
MHC molecules or cell signalling molecules such as CD2, CD4, CDS, CD3, N-CAM or Ng- 
CAM, or PDGF receptor domains, or fragments thtt^eof In preferred embodiments, these will 
include antibody constant domain products, such as Fc-hinge, Fc, CHC-hinge and CH3 
domains; and antibody Fc-hinge domains rapneered to have longer in vivo half lives, such as, 
for example, the LSF mutant. It will be appreciated that modification and changes may be 
made in the composition of these domains, for example by altering the underlying DNA, and 
still obtain a molecule having like or otherwise desirable characteristics. As such, biological 
functional equivalents of these immunoglobulin-like domains and mutants such as peptides and 
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Other randomly mutated proteins that bind to FcRn are also inchided within the scope of the 
present invention. 

In general, certain amino acids may be substituted for other amino acids in a protein 
structure without appreciable loss of interactive binding capacity with structures such as, for 

5 example, antigen-binding regions of antibodies or receptor sites. Since it is the interactive 

capacity and nature of a protein that defines that proton's biolo^cal functional activity, certain 
amino acid sequence substitutions can be made in a protein sequence (or. of course, its 
underlying DNA coding sequence) and neverthdess obtain a proton with like or even 
countervailing properties (e.g., antagonistic v. agonistic). It is thus contemplated that various 

10 changes may be made in the coding sequences of inununoglobulin-like domains without 
appreciable loss of the biological utility or activity of the encoded protein. It may even be 
possible to change particular residues in such domains to enhance their biological utility or to 
increase their interactive capability, for example, by increasing the binding afiBnity of Fc for 
RcRa 

15 As iUustrated herein, transformed host cells wiU provide particulariy good yidds of 

immunoglobulin-like domains. The yidds obtained are in the order of about 2 mg/L for CH3; 
1-1.5 mg/L for CH2-hinge; 1.5-2 mg/L for Fc; and 0.5-1 mg/L for Fc-hinge. It is 
contemplated that such values may be readily scaled up to produce relatively large quantities of 
these domains in a matter of days, employing, for example, a (hisk tag for affinity purification 

20 witiiNi^*-NTA-agarose. Thus the expression system will provide a ready supply of 

immunoglobulin-like domain proteins whid» may be obtained in a rdativdy cost-eflfective 
manner 

Purification of immunoglobulin-like domains, such as native antibody constant 
domains, or Fc-hinge domains with increased half lives, may be achieved in many ways, 
25 including chromatography, density gradient centrifiigation and dectrophoretic methods. 

The present invention facilitates the large scale production of immunoglobulin-like 
domains, including those derived from human sources, which may be employed in a wide 
variety of embodiments. These indude their use in m vitro mutagenesis studies and in high 
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resolution structural analyses, such as NMR and X-ray ciystallography. Fc-hinge and 
Fc domain analyses have allowed the region involved in antibody catabolism to be delineated, 
showing that residues isolaicine (ile) 253, histidine (his) 310, his 435 and his 436 are 
important. Recombinant fragments, domains, or even subfragments tho-eof, may be used for 
mapping the Fc readues which are functionally important in binding to FcRn. Residues of 
recombinant Fc fragments may be altered, prior to e3q>ression as soluble proteins as disclosed 
herein, or on the surfece of baaeriophage (McCafferty et al., 1990), and mutants binding with 
higher affinity to FcRn may be screened, or sdected for, using solid surfeces coated with FcRn 
or FcRn in solution. The preferred method is to use FcRn in sohition and then to capture 
FcRn:bacteriophage complexes on beads. 

The large scale production of immunoglobulin Fc-hinge or Fc domains linked to other 
protons or drugs also has potaitial for immunotherapy. In certain wnbodiments, diimaoic 
proteins or drugs may be produced wdiich have the advantage of prolonged half Uves and, since 
aglycosylated Fc has very low binding affinity for Fc receptors, they would not bind to the 
large number of immune cdls that bear these receptors. This is a significant advantage since it 
reduces non-specific binding. Such aglycosylated Fc fiagments wiU also not fix complement 
and. importantly, this would likely reduce the occurrence of local inflammatory reactions. 

The present invention may also be described as a method of regulatmg IgG levels in 
serum comprising increasing FcRn binding to said IgG. This r^jilation may be accomplished 
by increasing or decreasmg endogenous FcRn levels through alteration of the expression of . 
FcRn, or by the use of recombinant cdls expresang FcRn. In addition, the n^ulation may be 
accomplished by providing an FcRn with an altered binding affinity for IgG and thereby 
regulating IgG levds. 

In a further embodiment the present invwition may be ext«ided to inchide other 
proteins, peptides or Ugands, including non-protein Ugands, that bind to FcRn with high affinity 
and in a pH dependent manner similar to that of the exemplary antibodies disclosed herein such 
that their serum half life is extended. 
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The present inveaition is exemplified by the production of large quantities of both 
variable region and constant region immunoglobulin-like domains, and genetically engineered 
mutant domains. Also included are examples of the production of immunoglobulin-like 
domains derived originally from an antibody molecule. In particular, the production of 
5 antibody Fc-hinge, Fc, CH2-hinge and CH3 domains; and Fc-hinge mutant domains with 
increased serum half lives, is disclosed. However, in light of such wide-ranging examples, 
which cover the spectrum of the inmiunoglobulin-like superfamily and modifications thereof, it 
will be understood that the present invention is not limited to these examples alone. Rather, it 
encompasses all the inununoglobulin-like structures described herdn above. 

10 In light of the previous discussion, the present invention may be desaribed in certain 

broad aspects as a compoation comprising a mutant IgG molecule having an increased serum 
half-life relative to IgG, and wherein said mutant IgG molecule has at least one amino add 
substitution in the Fc-hinge region. The IgG may be any IgG molecule and is in certain 
embodiments, preferably a human IgG. 

15 The invention may be also described in certain ernbodiments as a cornposition 

conq)rising a mutant IgG Fc-hmge fi^gmrat having an increased scrum half-life relative to the 
serum half-life of IgG, and wherein said fi^igment has an inoeased binding affinity forFcRn. 
The compositions of the invention may thus comprise a molecule or fiagment that has an 
amino acid substitution at one or more, or even three of the anrino adds selected from numb«: 

20 252, 254, 256, 309, 311 or 315 in the CH2 domain or 433 or 434 in the CH3 domain, and in 
certain embodimrats may have the following amino add substitutions: laidne fi:>r threonine at 
position 252. serine for threonine at position 254 and phenylalanine for threonine at position 
256. In the case of an antibody or particulariy an IgG, increased binding aflfinity for FcRn may 
be defined as having a dissociation constant for binding to FcRn at pH 6, of less than about 7 

25 nM as measured by surface plasmon resonance analysis. It is understood that any of the 
compositions of the present invention may also be defined in c^tain embodiments as 
pharmacojtically acceptable compositions. 

In certain broad aspects, the invention may be described as a method of increasing the 
serum half-life of an agent comprising conjugating said agent to a mutant IgG or IgG Fc hinge 
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fragment having an increased serum half life as described above. Preferred agents include, but 
are not limited to a therapeutic drug, an antigen binding polypeptide, an antigen or a receptor 
binding ligand. or even a T-cell receptor binding ligand. or a T-cell receptor domain. 

The invention also encompasses a method of making an antibody with an increased 
serum half life comprising identifying a first amino acid in an IgG hinge region tiiat is suspected 
of being directly involved in FcRn binding, identifying one or more second amino acids 
wherein each of said second amino adds is in tiie spatial r^on of said first amino acid, and 
wherein the side chain of said second amino acid is exposed to solvent in the native antibody, 
makuig an antibody with a random amino add substitution of one or more of said second 
amino adds to make a mutant antibody, and identifying a mutant antibody having an increased 
serum half life. This method may fiirther comprise the step ofisolatiiigtiie antibody. In the 
practice of the metiiod, the first amino add may be amino add number 253, 31 0. 435 or 436 of 
tiie Fc fragment, and the second or secondary amino add may be amino add number 252, 254. 
256, 309. 3 1 1 or 3 15 in the CH2 domain or 433 or 434 in tiie CH3 domain. 

In certain broad aspects, tiie invention may be described as a composition comprising 
an Fc fragment comprising tiie fragment from about amino add 250 to about amino add 440 
of an IgG antibody, fiirtiier defined as having a higher binding aflfinity for FcRn tiian said IgG 
antibody, having one or more amino add substitutions m a region near one or more FcRn 
binding amino add residues and having a higher binding affinity for FcRn at pH 6 tiian at pH 
7.4. 



serum 



Anotiier aspect of tiie present invention is a metiiod of decreasing endogeneous 
IgG in a subject comprising administering to said subject an effective amount of tiie 
composition comprising protons or peptides having increased serum half Kves. and in 
particular adminstering an IgG witii an increased serum half-Kfe. 

Certain embodiments of the invention also include metiiods of screening an agent for an 
increased serum half-Kfe relative to tiie serum half-life of IgG. comprising tiie steps of 
obtaining a candidate agent, measuring tiie binding aflBnity of said agent to FcRn at pH 7.4 and 
at about pH 6. sdecting a candidate agent witi, a higher binding aflBnity for FcRn at about pH 
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6 than at pH 7.4 and comparing the binding affinity of said selected agent to FcRn to the 
binding affinity of IgG to FcRn under identical conditions, wherein an increased binding affinity 
for FcRn relative to the binding affinity of IgG is indicative of an agent with an increased 
serum half-life. Certain preferred candidate agents may be a peptide or polypeptide, or even an 
5 antibody or a fragment of an antibody. In alternate embodiments the peptide may be selected 
from a random peptide library, or may be a randomly mutated protein, or even a synthetic 
peptide. 

In certain embodiments, the invention may also be a method of increasing the serum 
half-life of a therapeutic agent comprising conjugating said th«^eutic agent to an agait 
10 having an increased scrum half-life relative to tiie serum half-Bfe of IgG identified by the 
methods disclosed and claimed herein. 



BRIEF DESCRIPTION OF THE DRAWINGS 

HG. 1. Schematic representation ofportionsoftiieplasmids used for the expression 
15 and secretion of immunoglobulin constant region fragments in E. coti. a) CH3 domain; 

b) CH2-hinge; c) Fc fragment and d) Fo-hinge fragments. The lacz promoter is represented by 
open circles, the pelB leader by hatched boxes, tiie immunoglobulin domains [hinge region (H) 
and CH2. CH3 domains] by open boxes and the his* peptide tag (his) by fiUed-in boxes. 

nG. 2A. Clearance curves for recombinant [CH2-hinge]2. The curves are biphasic 
20 with a rapid a phase (representing equiUbration of the irijected protein between the intra- and 
extra vascular space; the a phase of the proteins are in part determined by the size) and a 
longer p phase (representing the catabolism of the protein in the intra-vascular space). The 
half life of the 3 phases of the fragments are given in Table I and these represent the biological 
half-lives of the protons. 

25 FIG. 2B. Clearance curves for glycosylated IgGl molecule. 
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FIG. 3A. Binding of '"l-labeled WT Fo-hinge and HQ.310/HN-433 mutant to SVEC 
cells. Open bars represent amount bound to cells following washes, and fiUed-in bars represent 
amount extracted from cell peUet following extraction with 2.5 mg/ml CHAPS. 

FIG. 3B. Data from repeat of study shown in FIG. 3 A. 

FIG. 4A. CataboUsm of '^I-labeled mlgGl, Fc-hinge fragments and IgA Closed 
triangle and + represent WT Fc-hinge; closed box and X represent HQ-3 lO/HN-433 mutant in 
P2m+/+ (closed triangle and box) and p2m-/- (+ and X) mice. 

FIG. 4B. CataboHsm of "'l-labeled mIgGl. Fc-Mnge fragments and IgA. Open 
triangle and open box represem IgA; open diamond and X-ed box represents mlgGl in 
p2m+/+ (bpen triangle and open box) and P2m-/- (open diamond and X^ square) mice. For 
each protein, representative curves for one mouse from within each group are shown. These 
data are for mice of the C57Biy6 badcground. 

na 5. Clearance curves of Fc-hinge fragments in SWISS mice. Curves for one 
representative mouse fix)m within each group are shown. 

FIG. 6A. Regions of SPR sensorgrams showing dissociation of wild type (WT) (fiUed 
squares) and LSF mutant (filled triangles) Fo-hinge fitigments at pH 6.0. Plots are drawn using 
BIAevaluation 2. 1 software. Responses as a function of time are shown in response units 
(RUs). 

FIG. 6B. Regions of SPR sensorgrams showing dissociation of WT (fiUed squares) 
and LSF mutant (filled triangles) Fc-hinge fragments at pH 7.4. The arrow indicates the point 
at which the buffer was changed from pH 6.0 to 7.4. Plots are drawn using BIAevaluation 2. 1 
software. Responses as a fimction of time are shown in response units (RUs). The bulk shift 
downwards due to the pH 7.4 buffer relative to the pH 6.0 buffer flatter used as a baseline) 
results in the negative RU values. 

FIG. 7. Clearance curves of the murine IgGl molecule and IgGl-derived fragments. 
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FIG. 8. Intestinal transfer of murine IgGl, Fab. Fc-papain and recombinant Fc 
fragments. The numbers of mice used for each study were 6(Fab), 12 (mlgOl). 16 (Fc- 
papain), 31 (WT Fc), 5 (HQ-3 lO/HN-433), 5 (WT Fc in aduU mice) and 14 (Fc-hybrid). 

FIG. 9. Correlation between p phase half life and inhibition of transfer for the 
5 recombinant WT and mutant Fc fragments. 

FIG. 10. Inhibition of binding of '"l-IgGl to isolated brush borders by unlabeled 
IgGl. WT and HQ-3 lO/HN-433 mutant Fc fragments. 

FIG. 1 1 Expression/phage display vector containing Fc gene (WT or mutant). Open 
circle = lacz promoter, hatched box = pe!B leader, open box = WT Fc or HQ-3 1 0/HN^33 
10 mutant, filled in box = cmyc tag and stippled box = cpIH gene. Single lines = backbone 
vector. 

nG12A. TranscytOMSofrecombinantFo-hmge fragments. The numbers in 
parenthesesrepresentthemunberofmiceusedforeachexperimcnt. Matemofetal transmission 

of recombinant Fc-hinge fragments in SCID mice. 

15 FIG 12B. Inhibition of intestinal transmission of radiolabeled mlgGl by recombinant 

Fc-hinge fragments in BALB/c neonates. The value for H433A is not significantly diflferent 
from that for WT Fc-hinge. (by Student's test, p = 0. 127). 

HG. 13A. Binding ofrecombinant Fc-hinge fragments to FcRn. Percent inhibition of 
FcRn binding to mIgGl-Sepharose rehitive to binding in absence of inhibitor (average of three 
20 separate studies). 

no. 13B. Binding ofrecombinant Fc-hinge fragments to SpA Percentage of Fc- 
hinge fragment binding, to SpA-Sepharose relative to the binding of WT Fc-hmge (average of 
three separate stuches). 
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

The present invention concerns the cloning and expression of immunoglobulin-like 
domains and engineered and mutant domains in host cells such that the iramunoglobin-like 
product has increased senim persistence. 

Disclosed herdn are recombinam vectors encoding immunoglobulin-like domains and 
portions thereof, such as antibody Fc fragments and saibfragments and Fc-hinge domains with 
extended in vivo half lives. Methods of producing large quantities of, for exan^le, 
immunoglobulin Fc and Fc-hinge domains, wWdi have the same in nvo stability as intact 
antibodies, are described, as are methods for producing antibodies and other molecules with 
increased half lives. These DNA constructs and prolan domains are envisioned to be of 
various uses, such as in the production of immunotherapeutics or otter stable recombinant 
proteins, or in the production of constnicts. 

As the invention is exemplified 1^ the production of a variety of immunoglobulin-like 
domains, including antibody Fc-hinge, Fc, CH2-hinge and CH3 domains; and engineered 
Fc-Wnge domains with extended in vivo half lives, such as, for example, the mutant termed 
LSF; it will be understood that other immunoglobulin-like domains may be expressed 
employing the methods of the present invodion. 

It is recognized that a consido^le number of the key molecules of the immune syston 
include homologous domains, the structure of w*i(* have been conserved throughout 
evolution. Sudi molecules are members of the immunoglobulin superfiunily, wHch includes, 
not only antibodies and T cell receptors, but also MHC class I and H glycoproteins, the CD2, 
CD4 and CDS ceU-ceU adhesion proteins, and various Fc receptors, afl of which contain one or 
more immunoglobulin-like domains. 

Each of these domains is typically about 100 amino acids in length and is thought to be 
foldef* into the characteristic sandwich-like structure made of two antiparallel p sheets, usually 
stabilized by a conserved disulfide bond. Many of these molecules are dimers or highe 
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oligomers in which immunoglobuUn homology units of one chain interact with those in 
another. 

Each imnmnoglobulin homology unit is usuaUy encoded by a separate exon, and its 
seems likely that the entire supergene family evolved from a gene coding a single 

5 immunoglobulin homology unit similar to that encoding Thy-1 or ^^-microglobulin, which may 
have been involved in mediating early cell-cell interactions. Since a Thy-l-like molecule has 
been isolated from the brain of squids, it is probable that such a primordial gene arose before 
vertebrates diverged from their invertebrate ancestors some 400 million years ago. New family 
members presumably arose by exon and gene duplications, and similar dupUcation events 

10 probably gave rise to the multiple gene segments that encode antibodies and T ceU receptors. 

Apart from antibodies and the T ceU receptor, among the best characterized proteins 
which contain immunoglobulin-like domains are the MHC molecules and the CD4 and CD8 
glycoproteins. There are two main classes of MHC (major histocompatibility complex) 
molecules, dass I and H. each consisting of a set of ceU-«uifece glycoproteins. Both dasses of 
15 MHC glycoproteins are heterodimers with homologous overall structures, the amino-terminal 
domains of which are thought to be specialized for binding antigen for presentation to T cells. 
But FcRn, an MHC class I homolog, has a distinct fimction i.e. the regulation of seium IgG 
levels. 

Each class I MHC gene encodes a single transmembrane polypeptide chain, termed a 
20 chain, most of which is folded into three extraceUular. globular domains. Each a chain is 

noncovalentiy associated with a nonglycosylated small protein, termed ^-microglobulin. P2- 
microglobulin and tiie aj domain, which are closest to the membrane, are botii homologous to 
an immunoglobulin domain, and thus both proteins are members of tiie immunoglobulin 
superfamUy. The two amino-terminal domains of tiie a chain, which are fertiiest from tiie 
25 membrane, contain tiie polymorphic (variable) residues tiiat are recognized by T ceUs. T ceHs 
also recognize virally derived peptides bound to Class I molecules, and tiiis is particulariy 
important in cellular immunity. 
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In common with class I MHC molecules, class II MHC molecules are heterodimers 
with two conserved immunoglobulin like domains close to the membrane and two polymorphic 
(variable) amino-terminal domains farthest from the membrane. In these molecules, however, 
both chains span the membrane. There is strong evidence that the polymorphic regions of both 
classes of MHC molecules intwact with forragn antigai and that it is the complex of MHC 
molecule and foreign antigen that is recognized by the T cell receptor. 

CD4 and CD8 are expressed on the sur&ce of helper and cytotoxic T cells, 
respectively. Both glycoproteins are thought to bind to invariant parts of MHC molecules, 
CD4 to class II and CDS to class I MHC glycoproteins. 

Other molecules have subsequently been shown to include immunoglobulin-like 
domains. These include, for example, the PDGF receptor, the extraceUular domain of which is 
thought to be folded into five immunoglobulin-like domains. An increasing numbw of cell- 
surfece glycoproteins that mediate cell-ceU adhesion in vertebrates have also been identified as 
belonging to the immunoglobulin superfemily. These indude N-CAM, a large, single-pass 
transmonbrane gtycoprotein w*ich is expressed on the surfece of nerve cdls and glial cells and 
mediates Ca^*-mdependent ceU adhesion. The extraceUular portion of the N-CAM polypeptide 
is also fijlded into five immunoglobulin-like domains. The LI glycoprotein, also known as the 
neuron-glia ceU-adhesion molecule, or Ng-CAM, is also a member of the immunoglobulin 
siqierfamily. 

A: Isolation of FcRn Ligands that Have Increased Serum Persistaencc 

By randomly mutating regions that are in close proximity to the interaction site of FcRn 
on the Fc fragment, followed by selection for higher affinity bind^s from the library of 
mutants, variant Fc fragments with increased serum half Uves can be isolated. These higher 
aflBnity mutants should still maintain their pH dependaice of binding, as data indicate that this 
is an important facet of the way in which FcRn works, i.e., binding to IgGs in an acidic 
compartmert and then being released at about pH 7.4 into the serum. Thus, this method could 
be used to select any ligand (protein, peptide, or even non-protein Hgand) that binds to FcRn in 
a pH dependent way. especiaUy when FcRn is used in soluble form to isolate the Ugand. In 
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fact, it is clear that using the disclosed invention one could isolate a ligand from either a library 
of synthetic chemical compounds, a peptide library or library of proteins with randomized 
surface loops, obtain the soluble protein or peptide in as little as one week by using standard 
isolation procedures well known to those of skill in the art, and then use these peptides (loops) 

5 or proteins to prepare synthetic ligands using the ACD database to identify homologs. 

Furthermore such FcRn ligands might be more useful than IgGs or fragments as they may well 
be smaller, and in the case of synthetic ligands, would be expected to be non-immunogenic. In 
this respect, the isolation of a ligand that has a lower affinity than IgG for FcRn, as well as 
those that have the same or higher affinities, is contemplated as bring usefiil. For example, a 

10 ligand that has a several fold lower affinity than mlgGl can still have a significantly longer half 
life than a similar ligand that has no detectable affinity for FcRn. 

The uses of a molecule that could be used to increase the serum half life of drugs, 
proteins, peptides, etc. would be enormous. In principle sudi a molecule could be used to 
inCTease the serum p^stence of ar^ therapeutic reagent. Therefore the claimed invention is 
15 broadly applicable to an almost unlimited number of th^^eutic uses for the treatment of 
diseases or disorders as it can be used to both reduce costs and discomfort to the patient by 
reducing the number of therapeutic doses are needed. 

B: Antibody Constant Domains 

The features of an immunoglobulin molecule that determine high stability in vivo were 
20 incompletdy understood prior to the present invention. Previous studies indicate that the CH2 
domain may play an important role in the control of catabolism of antibodies, and a recent 
study has also suggested that sequences in the CH3 domain may be involved (Ellerson et al., 
1976; Mueller e/ a/., 1990;PoUocke/a/., 1990; Kim a/., 1994a: Medesan e/o/., 1997). 
The presence of carbohydrate residues on the CH2 domain appears to have a minor if 
25 Mgnificant effect on the stability, and the extent of the efifea is dependent on the isotype (Tao 
and Morrison, 1989). 

As part of the present work, recombinant CH2-hinge, CH3, Fc and Fc-hinge fragments 
derived from the murine IgGl constant region have been expressed from host cells. The 
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fragments have been purified, radiolabeled and used in clearance studies in mice. The 
clearance rates have been compared with those of an Fv fragment and a complete glycosylated 
IgGl molecule. The recombinant Fc-hinge fragments have stabiUty properties that are very 
similar to those of the complete immunoglobulin molecule. In contrast, the monoraeric CH2- 
hinge and CH3 fragments are both cleared rapidly and in a similar way to the Fv fragment. 
This indicates that sequences in both the CH2 and CH3 region are important for in vivo 
stability, and in addition, that glycosylation only plays a minor role in the control of the 
catabolism of this isotype. 

The CHS domain, Fc fragment and Fc-hinge fragment were aU found to be 
homodimeric proteins. For the Fc and CHS domain, the dimers are non^valently linked, and 
are presumably stabilized by non-covalent imeractions. For the Fc-hinge dimer. the fiagmems 
are covalently linked by -S-S- bridges between the hinge region cysteines. 

A particulariy important aspect of this study is the finding that the immunoglobulin Fc- 
hinge and Fc fragments, purified foUowing expression in host cells, have the same in vivo 
stability as a native antibody molecule. This was determined by measuring the clearance rates 
of "*I-radiolabeled immunoglobulin fiagments in vivo as a fimction of time. Results from 
these studies demonstrated that tiie recombinant aglycosylated Fc-hinge or Fc fragments have 
similar stabUity in vivo as the complete glycosylated IgGl molecule. 

The recombinant aglycosylated Fc-hinge fragment was found to have a p phase similar 
to that of a complete glycosylated IgGl immunoglobulin molecule. In fiict the removal of Fc- 
Wnge resulted in a slight decrease in half life (Kim et al., 1995). These results indicate tiiat for 
the murine IgGl isotype the presence of caitohydrate residues does not appear to be necessary 
for in vivo StabiUty. although it may stiU play a mmor role. Previous data obtained using 
protein chemistry suggested that tiie CH2 domain is responsible for in vivo stability (Ellerson 
eial., 1976) altiiough a recent study indicated that residues in tiie CHS domain may also be 
involved in tiie cataboUsm control of tiie murine IgG2a and IgG2b isotypes (PoUock */ al. 
1990). 
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The present discoveries relating to stability are particularly important as the in Wvo 
stability of aglycosylated Fc fragments has not been previously assessed (Nose et aL, 1990). 
Aglycosylated Fc fragments, in comparison with the glycosylated version (prepared by 
proteolysis of immunoglobulin produced by mammalian ceUs), are known to have reduced 
5 binding to complement Clq and greatly reduced binding to Fc receptors on monocytes (Nose 
et al.. 1990; Leatheibarrow et al, 1985; Nose and Wigzell, 1983; Tao and Morrison, 1989). 
However, these advantageous properties would be of little significance if the aglycosylated 
molecules were found to be unstable. The inventors have been able to ocpress aglycosylated 
Fc fragments which proved to be stable in vivo. 

10 The production of the IgGl Fc-hinge or Fc fragment in £ cofi has allowed the 

important residues of this region involved in controlling antibody stability and catabolism in 
vivo to be elucidated. These results are described in Example 8. Furthermore, ft>Uowmg the 
present invention, human Fc domains may now be produced in K coli, aUowing fiuther 
detailed studies of tiie human protein. Additionally, the bacterial secretion of Fc or Fc-hinge 

15 domains, or Fc or Fc-hinge domain:fijsion proteins, whether of murine or human origin, is 

envisioned to provide a convenient, economically attractive and rapid route for tiie production 
of novel proteins that have long serum persistence. 

Following structural analyses. smaUer regions of tiie Fc structure may be employed in 
protein chimeras, or fusion proteins, to produce biologicaUy stable therapeutic agents. This is 
20 particularly useful for the production of therapeutic agents which cannot be obtained from . 
otiier expression systems, such as mammalian ccUs, due to proteolysis. As such, tiie Fc-hinge 
or Fc domains of tiie present invention, or portions tiiereof, are proposed to be usefiil modules 
for botii tiie tagging and stabilization of recombinant molecules, including chimeric proteins of 
therapeutic vise. 

25 C: Catabolic Site of the Molecule. 

Of tiie Ig class (IgA. IgE, IgM, IgD and IgG), tiie IgG molecule has tiie longest in vivo 
half life (Zuckier et al., 1990). The region of tiie IgG molecule tiiat controls catabolism (tiie 
•cataboUc site") has been known for several decades to reside in tiie Fc fragment. This work. 
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carried out initially by Spiegelberg and Weigle (1966) and later confirmed by many others 
(reviewed in Zuckier et al., 1990), indicated that the Fc fragment produced by proteolysis has 
the same in vivo half life as the complete IgG molecule. Works by Dorrington and coUeagues 
(Dorrington and Painter, 1974; EUerson etal., 1976; Yasmeen etal., 1976) showed that a CH2 
domain fragment produced by trypsin digestion had the same half life as that of the complete 
IgG molecule. Although both eariier and more recent data suggest that the CH2 domain is 
involved in the control of IgG calabolism. some of these data are not inconsistent with the 
additional involvemem of the CH3 domain (Arend and Webster. 1977; Dima etal., 1983; 
Mueller e/fl/., 1990; Kim a/.. 1994a; Batrac/a/.. 1993). Indeed, recent work has indicated 
that both the CH2 domain and the CH3 domain, contain sequences that control the senun 
persistence of IgG molecules (Kim etal., 1994a; PoUock etal., 1990, Kim etal., 1994c; 
Medesan et al.. 1997). In particular, site-directed mutagenesis has been used to identify 
amino add residues in the CH2-CH3 domain interfiice that are critical for the maintenance of 
serum IgGl levels in mice (Kim etal., 1994a; Medesan etal, 1997), and this study therefore 
resulted in the precise localization of the cataboUc site. These residues ar« highly conserved in 
both human and murine IgG isotypes (Kim etal., 1994a; Table I), suggesting that the cataboUc 
sites of human and murine IgGs are the same. The eflfects of two double mutants (HQ-3 10, 
His3 10 to Ala and Gta3 1 1 to Asn; HN-433. His433 to Ahi and Asn434 to Gin), rather than 
single mutations at these positions, and a single mutation (ne253 to Ala253) on cataboHsm and 
intestinal transfer have been characterized (Kim etal., 1994a; Kim etal., 1994b). In a more 
recent study (Medesan etal., 1997) the effects of mutation of His310 to AlaSlO. His435 to 
Ala435, His436 to Ala436, His433 to Ala433, Asn434 to Ala434 or Gta434 have been 
analyzed. 
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Table I 

Sequences of murine and human IgGs in the region of the catabolic site 



10 



mlgGl* 

mIgG2a 

mIgG2b 

inIgG3 

hlgGl* 

hlgG2 

hIgG3 

hIgG4 



252-254 


308-312 


433-436* 


TTT 


IMHQD 


HNHH 


NOS 


IQHQD 


HNHH 


MIS 


IQHQD 


KNYY 


NflS 


IQHQD 


HNHH 


MIS 


VLHQD 


HNHY 


MIS 


WHQD 


HNHY 


MS 


VLHQD 


HNRF 


MIS 


VLHQD 


HNHY 



* mlgGl = murine IgGl, * UgG + human IgGl 

••IBs 433 and Aai 434 as a double mutant had an efifect, but as single mutations, his 433 
to ala 433 and asn 436 to ala 436, no effect was observed (Medesan et al., 1997). 
Residues that were mutated and found to affect clearance rate (Kim et al,. 1994a) are 
underlined. 

Mutation of His435 to Ala435 has a drastic effea on both catabolism and transcytosis, 
whereas mutation of His436 to Ala436 has a lesser effect (Medesan et aL. 1997). Mutation of 
only His310 to Ala310 has the same effect as mutating both His310 to Ahi310 and Gln31 1 to 
Asn31 1, suggesting that Glni 1 1 is not involved in the Fc:FcRn interaction. Individual 
mutation of His433 to Ala and Asn434 to Ah>/Gln has no effect on binding to FcRn catabolism 
15 or transcytosis whereas in earlier studies (Kim etaL, 1994a; 1994c) it was noted that double 
mutation of His433,Asn434 did have a moderate effect. This variation is due to the 
perturbation of adjacent critical residues such as His435 by the double mutation (whereas ' 
single mutations are less perturbing) rather than direct involvement of 433 and 434 in the 
Fc:FcRn interaction. 

20 Other residues in addition to Thr252. Thr254, Thi256. Met309 and Asn315 that might 

be usefiil targets for mutagenesis are Ghi3 1 1. His433 and Asn434. Furthermore, data 
disclosed herein indicate that it is not valid to say that Gta3 11 , His433 or Asn434 constitute 
the catabolic site, although double mutotion of His433 and Asn434 does have an efifect on 
catabolism. 
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Removal of the carbohydrate residues from the CH2 domain has a minor or no effect 
on the in vivo half life of IgGs, and the extent of this effect is dependent on the isotype ( Nose 
and Wigzell, 1983; Tao and Morrison, 1989; Wawrzynczak etal., 1989). The region of the Fc 
that is involved in the catabolism of IgG (Kim eial., 1994a) appears to be distinct from the 
sites involved in binding FcyRI, RII and Rm receptors (the 'classical* FcRs), as these recognize 
sequences primarily located in the lower huige region (Duncan etal,, 1988; Lund etal., 1992; 
Sarmay etal., 1992; Jefferis e/o/., 1990; Canfield and Morrison, 1991; Wawrzynczak etal,, 
1992). In addition, the catabolic site is distinct from the complement fector Clq binding site 
(Glu318, Lys320 and Lys322) (Wawrzynczak eial., 1992; Duncan and VTrntca-, 1988), thus 
mutation of the catabolic site should neither affect complement fixation nor binding to FcyRI. 
RIIandRm. 

IgG2b and other murine isotypes 

Murine IgG2b has been shown to have a more rapid clearance rate than IgGl, IgG2a 
and IgG3 (Pollock ei al., 1990). Analysis if sequence differences for the residues at the CH2- 
CH3 domain inter&ce that have been shown to be important in building the catabolic site 
indicate that m IgG2b, Ifis433, His435, His436 of IgGl, IgG2a and IgG3 are replaced by 
Lys433, Tyr435 and Tyr436 in IgG2b (Table I). These sequences differences may account for 
the differences in clearance rates and neonatal transfer (McNabb etal., 1976; Guyer ei a/., 
1976) that have been observed. In this respect. Sdiarff and colleagues (Pollock et al., 1990) 
have shown that sequence differences in the CH3 domain of IgG2a and IgG2b are responsible 
for the faster clearance rate of IgG2b relative to IgG2a, but have not identified the residues 
involved. In addition, murine IgG2b is not transferred across neonatal intestine as eflBdOTtly as 
murine IgGl (Guyer e/a/., 1976). The sequ«ice differences in the CH3 region of the murine 
isotypes (Table I) provide an ideal system to analyze the role of position 433, 435 and 436 in 
controlling catabolism and transcytosis. The conversion of his 433 to ala 433. tyrosine (tyr) 
435 to his 435 and tyr 436 to his 436 in an IgG2b molecule results in a mutated IgG2b that has 
the same m vivo half life as murine IgGl. Furthermore, the faster clearance rate of human 
IgG3 relative to IgGl, IgG2 and IgG4 fijrther indicates that residue 435 (Table I) is involved 
in regulating serum IgG levels. 
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Possible mechanism of IgG catabolism 

The maintenance of serum IgG concentrations at a fairly constant level is of importance 
for effective immunity. Moreover, abnormally high (hypergammaglobulinemia) or low 
(hypogammaglobulinemia) serum IgG levels result in clinical symptoms. To be effective, the 

5 homeostatic mechanism that both senses and regulates serum IgG levels must be able to deal 
with continuous and variable production of IgG molecules by the B cells of the organism. 
How such homeostasis is brought about is as yet unclear, and several mechanisms have been 
proposed to account for the control of IgG levels in the serum (Brambell etal., 1964; 
Brambell, 1966; Ghetie etal., 1981). Cleariy, any modd must invoke a feedback system that is 

10 both sensitive and responsive to changes in serum IgG levels. 

BrambeU and coUeagues (BrambeU etal., 1964; Brambell, 1966) have proposed that a 
limited number of cdhilar receptors (designated FcRc in this proposal) bmd to and protect the 
IgG molecules from degradation. The bound and internalized IgG molecule is protected from 
proteolyas and subsequently released back into the intravascular pool, vAM the IgG 

15 molecules that are internalized without bound receptors are d^aded. Thus, the ceUs that are 
responable for IgG breakdown are paradoxicaUy abo proposed to be involved in protection of 
IgGs against breakdown (Brambell etal., 1964; BrambeU, 1966). The receptors are saturable, 
and conastent with this model in hyporgammaglobulinemic individuals, intravascular IgG is 
d^raded much more rapidly than in hypogammaglobulinemics. This concoitration 

20 depaidenceofcatabolic rates is called the concentration-catabolism phenomena. The receptor 
model also fits with recent data which shows that mutation of specific residues at the CH2- 
CH3 interfece of the IgGl molecule results in rapid intravascular clearance (Kim et al., 1994a), 
suggesting that the mutations have resulted in loss of recognition by the "protective' receptors. 

The site of immunoglobulin dearance 

25 The site(s) at which IgGs are catabolized and the proteases involved have yet to be 

characterized. Both liver and gastrointestinal tract have been shown to play a role in the 
catabolism of IgG (Covell et al., 1986; Koptetal., 1976; Dobre and Ghetie. 1979) but neither 
organ, however, has been demonstrated to be the major site of catabolism. Therefore the 
possibiUty of diffuse cataboUsm throughout the body must be considered (Waldmann and 
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Strober, 1969). Such diffuse catabolism could occur in the endothdial qretem throughout the 
body since the ceUs of this system are in close contact with the intravascular pool and IgG 
constanUy traverses the endothelial cells to enter the extravascular space. Recent data support 
the notion of diffuse catabolism with possible invohrement of endothelial cells. 

Transfer of IgG across membranes (transcytosis) 
Intestinal transfer in newborns 

The mechanisms involved in transfer of passive immunity from the mother to young 
(fetus/newborn) may share similarities with that involved m the control of catabolism as 
proposed by Brambdl (1966) and supported by recent data. In rodents, intestinal transfer of 
IgG can occur for up to two weeks after birth and is the major route by which suckling rodents 
acquire maternal IgG (reviewed in Morris, 1978; Jones and Waldmann, 1972). Matemal-fetal 
transfer of IgGs across the yolk sac is a more minor route of transfer in rodents, m contrast to 
humans where matemal-fetal transfer is the only route. 

An Fc receptor (FcRn) has been impUcated in transfer of IgG from the colostrum or 
milk into the bloodstream of newborn rats and mice (Brambdl, 1966; Rodewald, 1976). 
Consistent with its' role in neonates, the receptor FcRn is not expressed in the duodenum of 
adult rodents. Binding studies (Wallace and Rees, 1980; Rodewald etal., 1983) of isolated lat 
brush borders show that there are two classes of Fc receptors of differing aflSnities, and data 
indicate that the higher aflBnity FcR is invoked in transcytosis (Hobbs etal., 1987; Rodewald 
and Kiaehenbuhl. 1984 ). FcRn has been isokted from duodenal epithelial brush borders of 
suckling rates (Rodewald and Kraehenbuhl, 1984 ; Simister and Rees, 1985) and the 
corresponding genes cloned (Simister and Mostov, 1989a; Simister and Mostov, 1989b). This 
Fc receptor comprises a heterodimer of two polypeptides of 51 kDa and 14 kDa. 
Interestmgly. the 14 kDa component is p2-microgIobulin and the 51 kDa component is 
homologuous to the heavy chain of Class I MHC protdns. The protdn can be expressed in 
high yidds in recombinant form and has recently been analyzed by x-ray crystaUography 
(Burmdstere/o/., 1994a; Burmdster e/ a/., 1994b). The gene encoding murine FcRn has been 
isolated and shown to be highly homologous to that of rats (Ahouse etal., 1993). 
Interestingly, both rat and murine FcRn also share homology with a recently isolated Fc 
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receptor derived from human placenta that is most likely involved in maternal-fetal transfer 
(Stoiy et al., 1994). Thus, the available data indicate that IgG transcytosis in rats, mice and 
humans are carried out by simihir receptors and as a consequence share a common mechanism. 

The proposed mechanism of trans-intestinal transport is that FcRn on the himenal side 
5 of intestinal epithelial cells binds IgG at pH 6-6.5 (the pH of the intestinal himen) and the IgG- 
FcRn complexes are transported across the ceU to the basolateral surface where exocytosis 
occurs into the bloodstream of the newborn rodent. Association of IgG with FcRn as it 
trafficks through the ceU is postulated to protect the IgG molecule from lysosomal 
degradation. The pH of the plasma (7.4) results in release of the bound IgG into the 
10 circulation. Analyses of the binding of FcRn to IgG (or Fc) show a pH dependence that is 
consistent with this model, with strong binding at pH 6-6.5 and very weak (if any) binding at 
pH 7.4 (Rodewald, 1976; WaUace and Rees. 1980). Using recombinant Fc fragments, it has 
been shown that murine FcRn interacts with a region of the murine IgGl molecule that 
overiaps with that involved in cataboUsm control and encompasses De253, His310, Ghi31 1. 
15 His433 and Asn434 (Kim etal., 1994b). More recent data have shown the involvement of 
His435 and His436, and also that His433 and Asn434 Of mutated individually and not as 
double mutations), do not play a role in interacting with FcRn (Medesan et at. 1997). In 
addition, single mutation of His3 10 to Ala3 10 has the same effect as double mutation of 
His310 to Ala310 and GlnBll to Asn31 1, indicating that Gta31 1 does not interact with FcRn 
20 (Medesan et aL. 1997). SimiUu: conclusions have been drawn for rat FcRn from the x-ray 
crystallographic data and in vitro binding studies of Bjoricman and coUeagues (Burmdster it 
al., 1994a; Burmeistere/a/., 1994b;Raghavanrfa/., 1994). Furthermore, for intestinal 
transfer, data demonstrate that two FcRn sites per Fc are necessary (Kim etal., 1994b). 
consistent with the report that the stoichiometry of binding of rat FcRn to Fc is 2: 1 (Huber et 
25 al., 1993). The involvement of His310. His435 and His436 of the IgGl molecule in interacting 
with FcRn explains, in part at least, the pH dependence of the FcRn-Fc mteraction (Kim etal., 
1994b; Raghavan et al., 1993). 
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Transfer across murine yolk sac (maternal-fetal transfer) 

Murine FcRn is expressed at high levels in both neonatal intestine and yolk sac (Ahouse 
et al., 1993), and an FcR that is structurally similar to FcRn has also been isolated from rat 
yolk sac (Roberts et al., 1993). These data, together with in vivo studies disclosed herein 
strongly suggest that maternal-fetal and intestinal transport are carried out by FcRn, although 
the cellular location for IgG binding to FcRn appears to dififer in the two processes (Roberts et 
al., 1993). In rats, the yolk sac FcR is located in vesides in the apical and basolateral 
cytoplasm, and not on the himenal surface of the yolk sac endodennal ceUs (Roberts etal., 
1993). The difference in location is believed to be necessary because the pH of the lumm 
surrounding the yolk sac is sUghtly basic (Roberts etal., 1993), and the aflSnity of binding of 
FcRn toJgG is low at this pH (Hobbs etai., mi; Rodewald and Kraehenbuhl. 1984 ); thus, it 
has been suggested that maternal IgG is taken up by the yolk sac cells in a non-specific 
endocytotic step and then binds to FcRn in a slighUy acidic endosomal compartment. DeUveiy 
of IgG into the fetal circulation is then proposed to occur in a similar way to that of intestinal 
transcytosis (Roberts etal., 1993). Similariy. with respect to the control of IgG catabolism. 
IgGs may be taken up by the 'cataboUc' cells in a non-specific endocytotic step and 
subsequently bind to FcRn in an endosomal compartment. 

Interrelationship between IgG transcytosis and control of catabolism 

Data (Kim etal., 1994a; Kim etal., 1994b) suggest that, as originally proposed by 
BrambeU and coUeagues (1966; Brambell. 1966). the Fc receptors involved in catabolism 
control, maternal-fetal transfer and intestinal transfer bind to the same site of murine IgGl and 
are closely related, if not the same. In support of this hypothesis, expression analysis indicates 
that, in addition to high level expression of FcRn in murine yolk sac and neonatal mtestine, 
FcRn is ubiquitously expressed at lower levels in murine heart, lung, liver, spleen and 
endothelial cells lines but not in T nor B lymphoqrtes. 

It is expected that maternal transfer of passive immunity to infants wiU be improved if 
the affinity of the FcrFcRn interaction is increased and serum persistence is lengthened. For 
enhanced serum persistence and maternal-fetal transfer of a therapeutic IgG, it is preferable to 
endow that IgG with a higher affinity for binding to the Fc receptors that are involved in the 
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processes. As a result, the higher affinity IgGs should be able to out-compete the high 
concenuations of endogeneous IgGs (5 mg/ml in mice and 10 mg/ml in humans). 

D: Engineered Antibody Domains with Extended In Vivo Half Lives 

The mechanisms involved in regulating the in vivo catabolism of IgG molecules are 
5 currently not well understood, although the Fc region is beUeved to contain sequences that are 
important for serum persistence of IgG (Spiegelberg and Weigle. 1965). As described herein 
and by Pollock et al. (1990), the CH2 domain and the CH3 domain have been shown to 
influence biolo^cal half life of IgGs. 

It has been observed that Staphylococcal protein A (SpA>IgG complexes are cleared 
10 more rapidly from serum than uncomplexed IgG molecules (Dima et al., 1983). Results from 
X-ray crystallography studies have indicated that residues in the Fc-hinge region are invoked 
in SpA binding (Deisenhofer, 1981). These distinct lines of information prompted the present 
inventors to mutate residues at the CH2-CH3 domain interfece of the (above^escribed) 
recombinant Fo-hinge fragment derived from the murine IgGl molecule and to investigate the 
IS catabolism of the resultant mutants. 

Using this approach, several amino add residues of the CH2 domain. 116-253 and His- 
310 (and double mutation of HisBlO. Gln-3n to Ala310. Asn31 1), and of the CH3 domain 
(the double mutation of His-433-Asn^34. single muations of His433 and Asn434. and the 
single mutations of His 435 and His 436) were changed by in vitro mutagenesis. The mutant 

20 proteins were then purified from recombinam K coli ceUs and the pharmacokinetic parameters 
measured in mice. The results from such studies demonstrate that anrino add residues from 
the CH2 domain, and those from the CH3 domain, are directly invoWed in the catabolism of 
mouse IgGl. Thus, the site of the IgGl molecule that controls catabolism is located at the 
CH2-CH3 domain interface and is distinct from the lower hinge region that is invoked m 

25 binding to Fc receptors (Duncan et al., 1988; Lund et al., 1991). The identification of spedfic 
amino acid residues that are involved in cataboUsm control supports the hypothesis that 
receptor bearing cdls may be important in regulating seriim IgG levels (Brambell et al., 1964). 
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The inventors have termed the specific residues of the murine IgGl molecule that they 
discovered to be involved in controlling the catabolism of this isotype the 'catabolic control 
site'. This region is distinct from the sites of interaction with classical Fc receptors (FcyRI, 
FcyRn, and FcyRHI) but overlaps with the SpA binding site. This is, therefore, consistent with 
earlier data that showed that SpA-immunoglobulin complexes were cleared more rq)idly than 
uncomplexed immunoglobulins (Dima et cd., 1983). This data does not rule out the 
involvement of additional residues of the Fc fragment in catabolism control, but it does provide 
a dear means by which the biological half life of an antibody or antibody-based molecule or 
conjugate may be shortened. It also provides a means by which the longevity of a particular 
antibody may be increased if desired, by re-inserting residues such as ile253, his310, his435 
and his436, should any such residues be found to be diflferent in a particular antibody, e.g. 
IgG2b. Also random mutagenesis of residues flanking these key amino adds, followed by 
sdection, may yield an Fc fiiagment with increased half life. 

Although the mechanisms involved in the catabolism of IgG molecules have still to be 
completdy duddated, the data presented herdn support the concept that SpA-like protective' 
receptors bind to the CH2-CH3 domain interfece on IgGs and protect them from degradation. 
The engineered Fc-hii^ge fiiigments which form these aspects of the present invention are 
wwisioned to be usefiil reagoits in a variety of embodiments. For example, they may be 
esnployed in the isolation the putative recqrtor, which is most likdy FcRn, and in further 
delineating the sites and mechanism of IgG catabolism. 

The recombinant Fc-hinge fi^ents may also be usefril for the preparation and 
deUvery of immunotoxins where it is desirable to modulate the peisistence of an immunotoxin 
in an animal. Immunotoxins are agents which have an antibody conq)onent linked to another 
agent, particularly a cytotoxic or otherwise anticdhilar agent, having the ability to kill or 
suppress the growth or ceU division of cdls. The preparation of immunotoxins is generaDy 
wdl known in the art (see, e.g., U.S. Patent 4,340,535, incorporated herein by reference). 
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Despite the central role that gamma-globulin (IgG) plays in immunity, little is known 
about the molecular mechanisms and dynamics by which remarkably constant IgG levels are 
maintained in the serum. Understanding the processes that maintain IgG homeostasis at the 
5 molecular level is of relevance to the treatment of IgG deficiencies and the effective delivery of 
therapwtic antibodies. Functional studies in neonatal mice indicate that the same amino acids 
of murine IgGl (mlgGl) that regulate IgG catabolism, Fc residues Ile253, His310, His433, 
Asn434, His435 and His 436, where IDs433 and Asn434 are a double mutation, are also 
involved in binding to the MHC Class I homologue, FcRn, and this is consistent with the X-ray 
10 crystallographic structure of a rat FcRn: Fc complex (Burmeister €tal.,\ 994a, b). Rodent 
FcRn has been implicated in passive transfer of IgGs firom mother to young primarily via 
neonatal transcytosis (Rodewald and Kraehenbuhl, 1984 ; Simister and Rees, 1985), and 
comprises a 45-50 kDa a-chain associated with P2-microglobuIin (p2m; Simister and Mostov, 
1989b). The eflfects of mutation of ne253, His3 10, His433, Asn434, His435 and His436 on 
15 the B phyaological half life of recombinant Fc-hinge Augments and on neonatal transcytosis 
correlate closely. This suggests that FcRn, or a closely related protrin, might be the as yrt 
unidentified Fc receptor that was originally suggested by BrambeU and colleagues to be 
involved in regulating seium IgG levels (Brambell et al,, 1964). Sue* Fc receptors were 
proposed to maintain IgG homeostaas by binding and releaang IgGs back into the circulation 
20 and when IgG reaches saturating concentrations for the receptors, excess IgG is destined for 
degradation (Brambell et al,^ 1964). 

The catabolism of IgG is a diffiise process occurring not only in spedfic organs such as 
liver (Fukumoto and Brandon, 1979) and intestine (Covelle/ a/., 1986), but also in tissues 
containing reticulo-endothelial components such as spleen, skin and muscle (Mariani and 
25 Strober, 1 990). Paradoxically, these cells may also bear the puUtive Fc recq)tors that recycle 
IgGs (Brambell et al, 1964). The ubiquitous expression of rat FcRn (Simister and Mostov, 
1989a) and a human FcRn homologue (Story et al, 1994) outside the ceUs involved in 
matemofetal/neonatal transfer of IgGs would be consistent with a role in controlling IgG levels 
at sites throughout the body. 
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As described in Example 7, the expression of FcRn in mouse tissues and cell lines has 
been analyzed using reverse transcriptase (RT)-PCR™. FcRn a-chain mKNA is ubiquitously 
distributed in aduh tissues/cell types, particularly those that are rich in endothelial cells. The 
pharmacokinetics of Fc-hinge ifragments in geneticaUy manipulated mice that lack FcRn 
expression (Zijistra et al. , 1 990; Roller et al., 1990) due to disruption of the P2m gene 02m-/- 
mice) have also been analyzed. The data support the involvement of FcRn in regulating IgG 
catabolism. 

In the study described in Example 7, the analysis of the pharmacokinetics of IgGl/Fc 
fragments in p2m-/- mice provides evidence in support of the concept that the P2m dependem 
protein (Zijistra et al., 1990). FcRn, might be invohred in maintainiiig serum IgG levels. The 
suggests impUcation of FcRn in this role is consistent with the ubiquitous expression of FcRn 
or its homologue in rats (Simister and Mostov, 1989a), man (Story ei al., 1994) and mice 
(HG. 4A-nG. 4C) and, in addition, the close overiap between the region of IgG involved in 
controlling neonatal transcytosis, IgG cataboUsm and binding to recombinant FcRn (Kim et aL. 
1994b; Popov et al., 1996; Medesan et aL, 1997). 

RT-PCR™ analyses demonstrate that FcRn is expressed in liver, spleen and hmg, but 
not in clonal B and T ceU lines/hybridomas. Further analyses of expression in both mouse 
endothelial cell lines and hepatocytes indicated that FcRn is also expressed in these ceU types. 
Quantitative PCR™ indicates that the level of expression in these cells is substantially lower 
than that in neonatal brush border, and this may account for the lack of detection of mouse • 
FcRn a-chain mRNA in tissues other than neonatal brush border and yolk sac that was 
previously reported using Northern blotting (Ahouse et aL, 1993). Direct binding studies with 
the endothelial cell line SVEC mdicate that WT Fc-hmge binds at significantly higher levels 
than the HQ-3 lO/HN-433 mutant. Eariier observations demonstrating that the mutant 
Fc-hinge fluent binds at background levels to isohited neonatal brush border (Kim et aL. 
1994b) and undetectably to recombinant FcRn (Popov et al., 1996), suggest that the 
diflFeremial binding is mediated by FcRn. The possibility that the diflferential binding is due to 
interaction with FcgRI. H and/or HI is made unlikely by reports which demonstrate that the 
interaction site of these receptors on Fc is distal to the CH2-CH3 domain interface (Duncan 
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et al., 1988; Canfield and Morrison, 1991; Lund et aL, 1991) and, furthermore, that 
aglycosylated Fc fragments are impaired in binding to these receptors (Tao and Morrison, 
1989; Nose et al., 1990). The binding data therefore suggest that FcRn is functional in SVEC 
ceUs. and is contemplated to be functional in the other cell types in which FcRn a-chain mRNA 
5 is expressed. Functional FcRn has also been isolated from SVEC cell lysates using murine 
IgGl (mlgGl) coupled to Sepharose. 

The functional significance of the expression of FcRn in both endothelial cells and 
hepatocytes suggests that either or both of these cell types might be involved in maintaining 
IgG homeostasis. In this respect, FcRn has been detected by immunoprecipitation from rat 

10 hepatocytes. and a role in mediating the trafficking of IgG into the biHaiy tract has recentty 
been suggested to be of relevance for immunosurveillance at this site (Bhanberg et aL, 1995). 
A distinct fimction for hepatocytic FcRn, however, might be that this protein sequesters bound 
IgGs from delivery into the bile and only unbound (excess) IgG is delivered for cataboUsm in 
the biliary tract. This is consistent with data indicating that IgG is delivered liver ceUs 

15 the bile for breakdown in sheep (Fukumoto and Brandon. 1979). Taken together with the 

cariier data of others (reviewed in Mariani and Strober, 1990;Zuckicr e/a/.. 1989), however, 
the findings in this study support the involvement of both the liver and the more difl&isely 
located oidothelial cdls. 

The pharmacokinetic data demonstrate that mlgGl or WTFc-hinge have abnormally 

20 short serum half lives in P2m-/- mice. These serum half Uves are not due to some generalized 
defect in the mafattenance of serum Ig levels, as the serum half life of IgA is the same in both 

p2nr*-/+ and p2m-/- mice. Many studies have indicated that there is an inverse correlation 
between serum IgG concentrations and half lives of IgG and this is called the 
concentration-catabolism phenomenon (Waldmann and Strober. 1969; Zuckier et al., 1989). 
25 The rapid elimination of mIgGl/WT Fc-hinge might therefore be due to abnonnally high levels 
of endogenous serum IgGs in P2m-/- mice. 

This is clearly not the case, however, as serum IgG levels are abnormally low in p2m-/- 
mice of both backgrounds, and these low serum IgG concentrations are consistent with the 
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observations of others (Spriggs et al, 1992; Israel et a/., 1995). In contrast, the smim IgA and 
IgM concentrations, which are regulated by a mechanism distinct from that involved in IgG 
homeostasis (Strober et ai, 1968), are in the normal range. 

To date, the role that IgG breakdown rates might have in mediating the low serum IgG 
concentrations in p2m-/- mice has not been investigated. It has previously been suggested that 
in normal mice, maternal IgG stimulates endogenous inmiunoglobuUn synthesis, and lack of 
maternal transfer in pim-A mice accounts for the low IgG levels (Israel ei al, 1995). 
However, the data in this study show that although P2m-/- mice of both backgrounds have 
lower IgGl synthesis rates, an additional cause of the low serum IgG levels is an increase in 
catabolic rates. The situation for mice of the 0578176 x 129/Ola background is made more 
complex by the observation that even for p2m+/+ animals of this background, IgG and IgGl 
levels are abnormally low. This is due to a synthesis rate that, unexpectedly, is lower than that 
for 32m-/- mice of this mixed background. Thus, independently of the presence or absence of 
neonatal transfer of IgGs in mice of the mixed background, the IgGl synthesis rate is 
abnormally low and the reasons for this are unknown. As a consequence of the low serum IgG 
concentrations in p2m+/+ mice of this background, and consistent with the 
concentration-catabolism phenomenon (Waldmann and Strober, 1969; Zuckier et al,, 1989), 
the half lives of mlgGl and WT Fc-hinge are significantly longer in this strain than in p2nH-/+ 
C57BL/6 mice. 

The observations in p2m-/" mice are consistent with a model wherd)y p2m dependoit 
Fc receptors, /.e. FcRn, which in normal mice r^ate serum IgG levels, are either absent or 
dysfimctional in p2m-/- mice. However, alternative cjq)Ianations cannot be excluded, 
particularly if loss of P2m is more pleiotropic than the currently available data indicate. This is 
made unprobable by the presence of an apparently normal CD4-K3)8- subset (Zijlstra et al,, 
1990; KoUer et al., 1990) and the abUity of B ceDs to mount T cell dependent antibody 
responses (Spriggs et ai, 1992; Mozes et ai, 1993) in P2m-/. mice. Other possibilities, such as 
either a deficiency in IgG-producing precursor cells or the absence of fectors/cytokines 
produced by CD8+ ceUs resulting in the low serum IgG levels are excluded by the observations 
that P2m-/- mice have normal numbers of B220+/sIgM cells (Spriggs et aL, 1992) and, in Lyt2 
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knockout mice, lack of CD8+ cells does not result in reduced IgG levels (Fung-L^mg et al,, 
1991). In addition, the possibility that a |52m dependent protein similar to FcRn, rather than 
FcRn itself, is involved in IgG homeostasis is made unlikely by Southern blotting data 
indicating that in mice FcRn has no close homologue (Kandil et al., 1995). However, it is 
5 conceivable that an unrelated, as yet unidentified, p2m dependent protein that binds to Fc or 
IgG at the same site as FcRn plays a role in maintaining serum IgG levels. 

The ability of FcRn to bind and mediate the traflBc of IgGs across neonatal intestmal 
and yolk sac cells suggests a mechamsm by which FcRn in other tissues might protect IgGs 
against degradation by binding and recirculating it into the serum. Constant levels of FcRn 
10 expression would explain how IgG homeostasis is maintauied despite variable IgG production 
by B cells, as once FcRn is saturated, excess IgG would be destined for degradation following 
endocytotic uptake (Branibell et al., 1964). Concerning the site of FcRn-IgG con^)lex 
formation, the pH dependence of this interaction (Rodewald and Kraehenbuhl, 1984 ; Simistcr 
and Rees, 1985; Gastinel etoL, 1992) suggests that for the maintenance of sexum IgG Icvds, 
. 15 FcRn would bind to IgG foBowing uptake by fhud phase endocytosis into in^^ 

compartments. This is in contrast to the FcRn-Fc interaction that occurs in the slightly acidic 
medium at the apical cell surfece of jqunal epithelial cells during transcytosis across the 
neonatal intestine (Rodewald, 1973), but data in support of a similar mechanism for the 
matemofetal transfer of IgGs in both humans (Leach et aL, 1990) and rats (Roberts et al., 
20 1990) has been reported. 

In summary, the findings suggest a new role for FcRn that is distinct from previously 
assigned fimctions (Rodewald and Kraehenbuhl, 1984 ; Simister and Rees, 1985), and this has 
relevance to understanding the molecular mechanisms that maintain IgG homeostaas. The 
sequence similarities between rodent FcRn and a recentiy idwitified human FcR (Story et cd. , 
25 1994) suggest that the preset discovery will have implications for the therapy of IgG-rdated 
immunodeficiencies in humans and also for mediating maternal-fetal transfer of therapeutic 
IgGs across the human placenta. 
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F: Mutagenesis 

In the present invention the mutagenesis of amino acid residues can either be random or 
site-specific. One may choose to make completely random mutations in the protein or 
akemativeiy to only randomly mutate certain residues as described in Example 4. One could 
also change a residue to any other amino add residue; however, it is likely that certain residues 
would be preferred. For example, mutating hydrophilic residues that are essential to maintain 
the tertiary, or three-dimensional, structure of the protein to large hydrophobic residues would 
probably not be desirable since such mutations may destabilize the antibody and not extend the 
half life of the molecule. In addition, it would be preferred to mutate exposed residues as they 
are most likely to bteract with FcRn. 

SiTe-spedfic mutagenesis is a technique useful in the preparation of individual proteins 
or peptides, or biologically functiomd equivalent proteins or peptides, through specific 
mutagenesis of the underiying DNA. The technique farther provides a ready ability to prepare 
and test sequence variants, incorporating one or more of the foregoing considerations, by 
introducing one or more nucleotide sequence changes into the DNA. Site^spedfic mutagenesis 
allows the production of mutants through the use of specific oligonucleotide sequences which 
encode the DNA sequence of the desired mutation, as wdi as a sufiSdent number of adjacent 
nudeotides. to provide a primer sequence of suffident size and sequence complexity to form a 
stable duplex on both sides of the deletion junction bdng traversed. Typically, a primer of 
about 17 to 25 micleotides in length is preferred, with about 5 to 10 residues on both sides of 
the junction of the sequence bdiig altered. 

In general, the technique of site-specific mutagenesis is wdl known in the art. As wiU 
be appredated. the technique typically employs a bacteriophage vector that exists in both a 
single stranded and double stranded form. Typical vectors useful in site-directed mutagenesis 
include vectors such as the M13 phage or phagmid vectors sudi as pUCI 19. TTiese phage 
vectors are commerdally available and their use is generally well known to those skilled in the 
art. Double stranded plasmids are also routinely employed in site directed mutagenesis, using 
the PCR~. which eUminates the step of generating single stranded DNA. 
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In general, site-directed mutagenesis is performed by first obtaining a single-stranded 
vector, or melting of two strands of a double stranded vector which includes within its 
sequence a DNA sequence encoding the desired protein. An oUgonucleotide primer bearing the 
desired mutated sequence is synthetically prepared. This primer is then annealed with the 

5 single-stranded DNA preparation, and subjected to DNA polymerizing enzymes such as K coli 
polymerase I Klenow fragment, in order to complete the synthesis of the mutation-bearing 
strand. Thus, a heteroduplex is formed wherein one strand encodes the original non-mutated 
sequence and the second strand bears the desired mutation. This heteroduplex vector is then 
used to transform appropriate ceUs. such as £ coli ceHs. and clones are selected that inchide 

10 recombinant vectors bearing the mutated sequence arrangement. 

Alternatively, PGR™ directed mutagenesis of double-stranded DNA can be used by 
designing oUgomideotide primers that overiap the site to be mutated. Such mutants may be 
readUy prepared by, for example. direcUy synthesizing the Fc fragment by appUcation of 
nucleic acid reproduction technology, such as the PGR™ technology of U.S. Patent 4.603.102 
. 15 (incorporated herdn by reference). 

The preparation of sequence variants of the selected gene using site-directed 
mutagenesis is provided as a means of producing potentially usefid species and is not meant to 
be limiting, as there are other ways in which sequence variants of genes may be obtained. For 
example, recombinant vectors encoding the desared gene may be treated with mutagenic 
20 agents, such as hydroxylamine. to obtain sequence variants. 

G: Vaccines 

The present invention contemplates vaccines for use in both active and passive 
immunization embodiments. Immunogenic compositions, proposed to be suitable for use as a 
vaccine, may be prepared most readily directly from engineered antibody Fc fragments. 
25 domains and/or peptides prepared in a mamier disclosed herein. Preferably the antigenic 

material is extensively dialyzed to remove undesired small molecular weight molecules and/or 
lyophilized for more ready formulation into a desired vehicle. 
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The preparation of vaccines which contain peptide sequences as active ingredients is 
generaUy weU understood in the art, as exemplified by U.S. Patents 4,608,251; 4.601.903; 
4,599,23 1; 4.599.230; 4,596,792; and 4.578.770. all incorporated herein by reference. 
TypicaUy, such vaccines are prepared as injectables. Either as liquid solutions or suspensions: 
soUd forms suitable for solution in. or suspension in, liquid prior to injection may also be 
prepared. The preparation may also be emulsified. The active immunogenic ingredient is often 
mixed with excipients which are pharmaceutically acceptable and compatible with the active 
ingredient. Suitable excipients are. for example, water, saline, dextrose, glycerol, ethanol. or 
the Uke and combinations thereof In addition, if desired, the vaccine may contain minor 
amounts of auxiliary substances such as wetting or emulsifying agents. pH buffering agents, or 
adjuvants which enhance the effectiveness of the vacdnes. 

Vaccines may be conventionally administered parenterally, by iiijection. for example, 
either subcutaneously or intramusculariy. Additional fonmiladoDs which are suitable for other 
modes of administration include suppositories and, in some cases, oi^ fonnuUtions. For 
suppositories, traditional binders and carriers may inchide. for example, polyalkalene glycols or 
triglycerides: such suppositories may be formed from mbctures containing the active ingredient 
in the range of 0.5% to 10%. preferably 1-2%. Oral formulations inchide such normally 
employed excipients as. for example, pharmaceutical grades of mannitol. lactose, starch, 
magnesium stearate, sodium saccharine. ceHulose. magnesium carbonate and the like. These 
compositions take the form of solutions, suspensions, tablets, pills, capsules, sustained release 
formulations or powders and contain 1 0-95% of active ingredient, preferably 25-70%. 

The proteins may be formuhtted into the vaccine as neutral or sah forms. 
Pharmaceutically acceptable salts, include the acid addition salts (formed with the free amino 
groups of the peptide) and those which are formed with inorganic adds such as. for example, 
hydrochloric or phosphoric adds, or such organic adds as acetic, oxalic, tartaric, manddic. 
and the like. Salts formed with the free carlM)xyl groups may also be derived from inorganic 
bases such as. for example, sodium, potassium, ammonium, caldum, or ferric hydroxides, and 
such organic bases as isopropylamine, trimethylamine. 2-ethylamino ethanol, histidine, 
procaine, and the like. 
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The vaccines are administered in a manner compatible with the dosage formulation, and 
in such amount as will be therapeutically effective and immunogenic. The quantity to be 
administered depends on the subject to be treated, including, e.g., the capacity of the 
individual's immune system to synthesize antibodies, and the degree of protection desired. 
5 Precise amounts of active ingredient required to be administered depend on the judgment of 
the practitioner. However, suitable dosage ranges are of tiie order of several hundred 
micrograms active ingredient per vaccination. Suitable regimes for initial administration and 
booster shots are also variable, but are typified by an initial administration foUowed by 
subsequent inoculations or other administrations. 

10 The manner of application may be varied widely. Any of the conventional mctiiods for 

administration of a vaccine are appUcable. These are believed to include oral appUcation on a 
soUd physiologically acceptable base or in a physiologically acceptable dispersion, parenterally, 
by injection or the like. The dosage of the vaccine will depend on the route of administration 
and will vary according to the size of the host. 

15 Various methods of achieving adjuvant effect for the vaccine inchides use of agents 

such as ahmiinum hydroxide or phosphate (ahun). commonly used as 0.05 to 0.1 percent 
solution in phosphate buffered saline, admixture with synthetic polymers of sugars (Carbopol) 
used as 0.25 percent sohition, aggregation of tiie protein in the vaccine by heat treatment with 
temperatures ranging between 70° to 101»C for 30 second to 2 mimite periods respectively. 
20 Aggregation by reactivating with pepsin ueated (Fab) antibodies to albumin, mature wit^ . 
bacterial ceUs such as C parvum or endotoxins or Upopolysaccharide components of gram- 
negative bacteria, emulsion in physiologically acceptable oil vehicles such as mamude mono- 
oleate (Aracd A) or emulsion witii 20 percent solution of a perfluorocart)on (Fhiosol-DA) 
used as a block substitute may also be employed. 

25 In many instances, it wUl be desirable to have multiple administrations of tiie vaccine, 

usually not exceeding six vaccimitions, more usually not exceeding four vaccinations and 
preferably one or more, usually at least about tiiree vaccinations. The vaccinations wiU 
normally be at from two to twelve week intervals, more usually from tiiree to five week 
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intervals. Periodic boosters at intervals of 1-5 years, usually three years, will be desirable to 
maintain protective levels of the antibodies. The course of the immunization may be followed 
by assays for antibodies for the supernatant antigens. The assays may be performed by labeling 
with conventional labels, such as radionuclides, enzymes, fluorescers, and the like. These 
techniques are weU known and may be found in a wide variety of patents, such as U.S. Patent 
Nos. 3.791.932; 4.174.384 and 3,949,064, as Ulustrative of these types of assays. 

The following examples are intended to illustrate the practice of the present invention 
and are not intended to be limiting. As the invention is demonstrated witii a variety of 
immunoglobulin-Uke domains, including murine antibody Fc-hinge, Fc, CH2-hinge and CH3 
domains; and mutant domains witii increased stability; it will be understood that other proteins 
or peptides will be adaptable to similar construas as those described herein. Likewise, a 
variety of tags, linker sequences and leader sequences may be employed depending on the 
particular purification or isolation methods desired to obtain the polypeptide products. 

EXAMPLE! 

The foUowing example iUustrates the production of an immunoglobulin Fc-Mnge or Fc 
fragment and Fc-hinge or Fc derived subfragments in milligram quantities using R coli as an 
expression host. These results indicate the suitability of the system for the commercial 
production of large quantities of recombniant protein. 

Piasmids, Expression and Purification 

PCR™ was used to isolate and tailor tfie genes encoding fiagments derived from the 
murine IgGl immunoglobulin molecule 9E10 (Hoigo etal., 1979; Evan ei al., 1985) for 
Ugation imo the expression plasmids (FIG. 1). To accomplish this, total RNA was extracted 
from 1 X 10' 9E10 hybridoma ceUs, as described herein above. cDNA was primed using 
oUgonucleotides ODforBst or CffiforBst (see below; Honjo et al, 1979) for the isolation of 
either the CH3 domain gene/Fc fragment genes or the CH2 domain gene respectively. The 
genes were tiien isofcited using PGR™ and the primers shown below. As listed, the five 
distinct sequences represent SEQ ID NO: 1 through SEQ ID N0:5. respectively. 
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a) CH3 domain, 

CH3balcNco = 5' ATC ACCATGG CC GGCAGA CCG AAG OCT CCA CAG 3'; 
CH3forBst = 5' TAC AGGTGACCr 7:4C C4G GAGAGTGGGAGA GGC 73' 

b) CH2-hinge. 

5 HingebakNco = 5' ATC ACCATGGCC GTG CCCAGG GAT TGTGGTTG3' 
CH2forBst = 5' ATC AGGTGACCr TGG TTTTGG AGA TGG TTT T 3' 

c) Fc firagment, 

CH2bakNco = 5' ATC ACCATGGC C GAA GTA TCA TCTGTC TTCATC 3' 
CH3forBst; as above 
10 d)Fc-lunge fragment, 

MngebakNco and CHSforBst; both as above. 

A typical PCR™ comprised: 3 units PromegaTaq polymerase, lOjUPromega buffer. 
10 ml 0.2mM dNTP cDNA synthesis reaction in a final volume of 100 ml. Cycling conditions 
were: 94°C (0.5 min). 55°C (0.5 min), IT'C (1 min) for thirty cycles using a Techne 

15 temperature cycling block. The oligonucleotides each encode cither an M»/ or BslEH 

restriction site indicated by underlining, and italicized sequences) indicate the r^ons of the 
oligonucleotides that anneal to murine IgGl constant region genes (Honjo et aL, 1979); which 
allows restriction digestion of the PCR™ products foUowed by gd purification and Bgation as 
AfcoI-B^ffiH fragments into VapeipHis (Ward, 1992). The UgatedDNA was then transformed 

20 into £. coli BMH 71-18. as described above. The sequences of the hiserts of aU plasmid 

constructions were analyzed using the dideoxynudeotide method and dther Sequenase (USB) 
for single stranded DNA templates and Femtomole kits (Promega) for double stranded DNA 
templates. 
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These antibody fragments can be expressed and secreted from recombinant E. coli 
cells, and the caiboxy-terminal His6 peptide tags allow purification using Ni^"-NTA-agarose. 
K coli BMH 71-18 transformants harboring the plasmids shown in FIG. 1 were grown up and 
induced for expression as desoibed herein above. The recombinant proteins were isolated 
from the periplasm by osmotic shodc followed by affinity purification using Ni^*-NTA-agarose. 
The recombinant Augments were purified in yields of 2, 1-1.5, 1.5-2 and 0.5-1 milUgrams per 
litre of culture for the CH3 domain, CH2-hinge fragment, Fc fragment and Fc-hinge fragment 
respectively. The purity of the recombinant proteins was assessed using SDS gel 
electrophoresis (Laemmli) and staining with Coomassie blue R-250. 

CH2-hinge fragments were expressed as a mixture of dimers and monomers, dimers 
were separated from monomers using a Sepharose-G75 column (Phannada, Rscataway. NJ). 
Monomeric CH2-hinge fragments were prepared from dimers by reduction (using 
ditiiiothrdtol) foUowed by treatment (blockade) of reduced sulfliydryl groups with 
iodoacetamide as described (Kim etal.. 1994c). 

/if vitro Analyses 

Results fmm HPLC analyses indicated that the CH3 domain, Fc fragment and Fc-Mnge 
fragment are all expressed and purified as homodimeric proteins. For tiie Fc and CH3 domain, 
tiie dimers are non-covalentiy linked, as demonstrated by analyses on non-reducing PACffi 
(FIG. 2B). The dimerization of the Fc fi^gments and CH3 domains is presumably stabilized by 
non-covalent interactions between tiie CH3 fragments, which are closely apposed in tiie 
immunoglobulin structure (Marquartg/ a/., 1980). For the Fc-hinge dimer, the fragments are 
also covalently linked by -S-S- bridges between tiie hinge region cysteines. 

In contrast, analysis of tiie CH2-hinge fragment using HPLC indicates tiiat 
approximately 10% of tiie protein is expressed and purified as a dimer, and tiie remainder as 
monomers. Structural analyses of immunoglobulins indicate tiiat tiie CH2 domains in tiie Fc 
regio: fan antibody molecule form few interactions, and presumably tiie relative weakness of 
tiiese interactions (compared witii tiiose between CH3 domain, ft)r example) result in a low 
proportion of expressed dimers. The dimers are covalentiy linked by -S-S- bridges; expression 
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and purification of CH2 domain without the hinge region resuhed in a significant proportion of 
this protein forming dimers that are non-covalently linked, and in addition, there are no free 
sulphydryls as would be expected for an immunoglobulin domain that is correcUy folded with 
intramolecular -S-S- bridges. This suggests that in the CH2-hinge firagments, the -S-S- bridges 
are formed between cystdne residues located in the hinge re^on. 

EXAMPLE! 

The following example illustrates that the native sequence immunoglobulin Fc-hinge 
and Fc fragments, purified following expression in E. coli, have similar in vivo stabiHty to the 
native IgGl antibody molecule. 

To detemrine the clearance rates of the immunoglobulin fi-agments in vivo, the 
recombinant proteins were radiolabeled with and the levels of serum radiolabcl monitored 
as a fimction of time. The clearance rates were then compared with those of intact murine 
IgGl (expressed and purified from a hybridoma) and the bacterially expressed Dl .3 Fv 
fragment (Ward ei al., 1989) derived from the murine Dl .3 antfl)ody. The clearance curves 
were all found to be biphasic (FIG. 2A and FIG. 2B) . The half Uves of the a and P phases are 
shown in Table n. For the D 1 .3 Fv. monomeric CH2-hinge and CH3 fragments the a phases 
Awere too rapid to be accurately determined (FIG. 2A and FIG. 2B). 

From the clearance rate data, several conchisions can be drawn. Firstly, the 
recombmant aglycosylated Fc-hinge fragment has the same stability in vivo as the complete - 
glycosylated IgGl molecule. The shorter half life of the a phase, which represents the 
equiUbration phase between the vascular and extravascular tissue, is shorter for the 
recombinant Fc-hinge fragment due to its smaUer size. Secondly, both the CH3 domain and 
monomeric CH2-hinge fragment are cleared at rates sinrilar to that of theDl.3 Fv fragment 
(HG. lAandFIG. 2B). 
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Table n 

Half lives of the P Phases of the Immunoglobulin Fragments 

Inununoglobulin (fragment) p-phase (half life in hours) 



CH2 + Hinge 29.1±12 
[CH2 + Hinge]2 61.6110.7 
™ 21.3 ±2.3 

24.1 ±3.5 

Fc-hinge 82.9 ±10.0 

Complete immunoglobulin (IgGl) 89 2 ± 10 6 



Recombinant immunoglobulin fiagraents were purified and radiolabeled using either the 
Bolton Hunter reagent (Amersham, 2000 Ci/mmol) or lodogen (Amersham) to a specific 
activity of 10*-10' cpm/mg of protein. The complete IgGl antibody used as a control was 
purified from mammalian cells using standard methodology. The glycosylated Fc-hinge 
fragment was derived from this IgGl antibody by papain digestion foUowed by purification 
using protein A sepharose (Pierce). For the measurement of the half lives, 2-4 BALB/c mice 
(23-28 gms. female) were injected with 0.1 ml of radiolabeled protein (approximately 1-50 ng 
protein containing 10*-10' cpm) in thetaU or retro-oitttaDy. and bled retro-oibhaDy at time 
points from 2 mins-72 hours post injection. The amount of radioactivity present in the blood 
san^les was determined using a Sdntillation counter. 

A high proportion (approximately 90%) of the CH2-hinge fragment was expressed and 
purified in monomeric rather than dimeric form, and therefore the possibility remained that the 
deteiminants of stability are located on the CH2-hinge dimer. To determine whether CH2- 
Wnge dimers were stable in vivo, dimers of the CH2-hinge fragments were separated from 
monomers by size exchision and radiolabeled for use in pharmacokinetic studies as described 
by Kim et oL (1 994c); monomers of CH2-hinge dimers were generated from the dimers by 
reduction and alkylations and these monomers were also radiolabeled and used in 
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pharmacokinetic studies. The half Ufe of the p phase of this dimer is significanUy longer than 
that of the predominantly monomeric CH2-hinge domain. 

These data demonstrate that recombinant aglycosylated Fc-hinge fragment has a p 
phase that is similar to that of a complete glycosylated IgGl immunoglobulin molecule. 
Therefore, the carbohydrate residues do not appear to play a major role in stabUity. In addition 
(Kim etal.,\ 995) the presMice of the hinge resuhs in a slight increase in the half life. In 
contrast, both monomeric CH2-hjnge and CH3 fragments are catabolized as rapidly as 
antibody Fv fragments, indicating that the presence of sequences in both the CH2 and CH3 
domains are necessary for the in vivo stabiUty of the recombinant Fc-hinge or Fc fragment. 
However, a CH2-hinge dimer has a longer half life than a CH2-hinge monomer, but consistent 
with the need for a CH3 domain the CH2-hinge dimer half life is less than that of Fc-hinge. 
The production of the IgGl Fc-hinge or Fc fragment in E. coU is envisioned to allow the 
delineation of the key residues involved in controlling the catabolism of the immunoglobulin 
molecule in vivo. In light of the present work, the production and analysis of human Fc 
regions in E. coli is now possible. It is envisioned that this work wiU also lead to the 
development of novel tagging and stabilization methods for use with various recombinant 
molecules employed in animal or human therapeutics. 

EXAMPLES 

The foUowing example iUustrates the abnormaUy short half lives of IgGs in p2- 
microglobulin deficient mice, and demonstrates the expression of FcRn a-chain in adult liver, 
lung, spleen and endothelial ceUs, with implications for a role for FcRn in the maintenance of 
serum IgG levels. 

CdlUnes 

The mouse B cell line BCL1/3B3 (Brooks et al., 1983) and T ceU hybridoma 2B4 
(Chier f a/., 1984) were used in this study. The two endotheUal cell lines, mouse puUnonary 
capillary endothelial cells (BIO, D2.PCE) and SV40 transformed endotheUal cells (Kim et al., 
1994c) (SVEC) were derived from hmgs of BIO. DBA/2 mice and C3H/HeJ mice. 
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respectively. The BIO, D2.PCE cell line was obtained from Prof. A. Curtis. The murine 
hepatoma line, Hepa 1-6, was obtained from the ATCC (1830-CRL). 

Mice strains 

P2m-/- (Keller et aL, 1990; C57BL/6 x 129/Ola and C57BL/6 background; for the 
mixed background, 129/Ola mice have been backcrossed at least 2-3 times onto a C57BI76 
background and the colony maintained by littermate crosses) and P2m+/+ [(C57BL/6 x 
129/01a)F2] mice were from Jackson Laboratories. p2m+/+ (0573176) mice were from the 
Southwestern Medical Center Animal Resources Center. 

RT-PCR™ analyses 

Lung, liver, hepatocytes, spleen and yolk sac were isohited from adult BALB/c mice 
and neonatal brush border from 12 day old BALB/c mice. For the isolation of hepatocytes, a 
method described previously for the isolation of rat hepatocytes was used (QuistorfFe/ eU. , 
1993). This resuhed in a popuhition of cells that was greater than 95% hepatocytes. RNA was 
ertracted from tissues/cell lines and cDNA synthesis primed with primer B; complementary to 
bases 1075-1095 of the coding strand of the FcRn a-chain (Ahouse etaL, 1993) with 13 bases 
appended to 'add-on' a restriction site using previously described methods (Kim et aL, 1994a). 
Aliquots of the cDNA syntheses were used in the PCR™» with either primers A (SEQ ID 
N0:6) and B or primers B and C. Primer A (SEQ ID NO:6) and C match bases 640-656 and 
964-996 of the coding strand of the FcRn a-chain gene (Ahouse et al., 1993), respectively. ' 
Primer C has 12 bases appended to 'add-on' a restriction site. The expeaed sizes of the 
RT-PCR~ products are 469 bp (primers A (SEQ ID NO: 6) and B) and 1 57 bp (primers B and 
C). 

As controls for the RT-PCRs™, P-actin primers (bases 352-368 of the mouse p-actin 
coding sequence and complementary to bases 781-787 of the P-actin coding sequence) were 
used in cDNA syntheses and PCRs~. Southern blotting (Sarabrook et aL, 1989) was carried 
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out using a *^-labeled Sacl-BsiEH fragment derived from the cloned FcRn a-chain (bases 
688-1028) as probe. 

Isolation and nucleotide sequencing of the complete FcRn a-cbain gene from endothdial 
cells 

5 The gene encoding the entire FcRn a-chain was isolated as two overlapping clones, as 

follows. Total RNA was isolated from endoth^ cell lines and the gene segment enco<&ng 
the extraceUular domains (including leader peptide) was isolated by RT-PCR™ using primers 
that matched bases 1-24 and were complementary to bases 841-870 of the coding sequence of 
FcRn (Ahouse ei al., 1993). This gene, derived from D10,D2.PCE cells, has been used to 

10 construct a plasmid for the expression of soluble FcRn in insect ceUs (Popov et al. , 1996). The 
segment aicoding bases 640-1095 (including the transmembrane region and cytoplasnric tail) 
was isolated using RT-PCR™ and primers A (SEQ ID N0:6) and B. PGR™ products were 
cloned into pGEM-T (Promega) and then recloned as SphlSaa fragments in both orientations 
into pUCl 18/pUC119. ssDNA was isolated from resulting clones and sequenced uang the 

15 dideoxynucleotide method (Sanger etaL, 1977) and Sequenase® (USB Biochemical). For 
each fragment, several indepMident PCR™ isolates were analyzed. 

Quantitative PGR™ 

EssCTtiaUy the mrthodology of Scheuermann and Bbuct was used (Scheuermann and 
Bauer, 1993). A gene s^wit encoding the caiboxyterminal region of FcRn phis the 3' 

20 untranslated region (Ahouse et aL, 1993) was isolated usmg the PCR~ and the primers 5' 

TCT GGC TCC TCC GTG CT 3' (SEQ ID N0:6) (bases 640-656 of FcRn coding sequoice) 
and 5' ATC ATCTAGA7T TTTTTGTTGGGGCCAAATTTATGy, (SEQ ID NO:7) 
iXbal site shown underiined, and sequence that is complementary to poly A tail and upstream 
region itaUcized). The PGR™ product was then restricted with JSwI (encoded in primer) and 

25 Ncol (internal sites in FcRn coding sequence and FcRn untranslated 3' tail) to generate an Ncol 
fragment (bases 992-1 1 99) and an Ncol-Xbal fragment (bases 1200-1285). These two 
fragments were used with a pUCl 19 derivative containing sequences encoding bases 640-1095 
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to assemble a gene encoding bases 640-1095 of FcRn coding sequence plus 3' untranslated 
region i.e., bases 640-1285. This construct was restricted at a unique BstEXL site (bases 
1021-1027 of FcRn) and a 100 bp 'filler' fi-agment inserted prior to recloning into pSP64 
(Promega). Poly A+ RNA was synthesized using the Riboprobe system II (Promega) and poly 
5 A+ RNA purified using oligo dT cellulose. This RNA (FcRn poly A) was used as an internal 
standard in the quantitative PCRs™. 

Total RNA was extracted fi-om cell lines as described previously (Kim et aL, 1994a) or 
using RNeasy total RNA kits fi-om Qiagen (Chatswoith, CA). cDNA synthesis reactions were 
carried out using 0.8-2.2iig RNA (kept constant for each cell line) plus lO'-lO* FcRn poly A 
10 molecules (varied within this range) and the poly A primer described above. 

Aliquots of the cDNA syntheses were used in duplicate PCRs™ containing the 
following primers: 

5' ATC ACC ATG GCC GGTAGGATG CGCAGC GGTCTG CCA GCC 3\ SEQ ID NO:8 
(italidzed bases match bases 967-990 of FcRn coding sequence) and 32-P labeled 5' ATC 
15 AGT CGA CCT TGG AAG TGG GTG GAA AGG CATT3\ SEQ ID N0:9 (itafidzed bases 
are complementary to bases 1075-1095 of FcRn). 

One tenth of each PCR™ was analyzed on 4% agarose gels. Bands corresponding to the 
PCR'^ products were excised and cpm levels were determined by gamma counting (products 
derived fi^om FcRn poly A could be distinguished fi-om those derived fi^om authentic FcRn 
20 transcripts due to the 1 00 bp size diflFerence). 

Incorporated cpm for standard and test samples were plotted against the amount of 
standard added and the point of intersection taken to correspond to equality of amounts of 
FcRn transcripts and FcRn poly A standard. As it was impossible to count single brush border 
cells, quantitation was expressed as number of transcripts per ^ig total RNA. 

25 Radiolabeiing of immunoglobulins 

mlgOl, recombinant Fc-hinge firagments and IgA were iodinated u^g the lodo-Gen 
reagent (Amersham) as described (Kim etal.,\ 994a). 
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Binding studies of recombinant Fc-hinge fragments 

Confluent layers of SVEC cells were incubated with 0.26 or 0.4 mg/ml of "^Mabeled 
WT Fc-hinge or HQ-310/HN-433 mutant overnight (16-18 hours) at 37°C, washed with 
medium (complete RPMI, Gibco, Grand Island, NY, plus 10 % fetal calf serum) and detached 
5 by incubation with 5 mM Na2EDTA in 50 mM phosphate buffer, pH 7.5 for 5 minutes. Cells 
were transferred and radioactivity per 10^ cells determined. 

Cells were then pelleted and resuspttided in 2 ml 2.5 mg/ml CHAPS, 0. 1 M Tris-HCl 
pH 8.0 containing 0.3 mg/ml PMSF, 25 mg/ml pepstatin and 0. 1 mg/ml aprotinin and 
incubated for 30 minutes at room temperature. The suspension was centrifiiged at 12000 g for 
10 30 minutes and amount ofradioacdvity in peBets and supOTatantsdetainined^ Supernatant 
values were used to calculate the amount extracted per 10^ ceQs. 

Pharmacokinetic studies 

Pharmacokinetics of iodinated mlgGl, recombinant Fc-fainge firagm^ and IgA were 
determined as described previously (Kim et al., 1994a). 

15 Determination of serum Ig concentrations 

The concentration of serum Igs were determined nmg radial immunodifiiirion and 
Bindarid kits (The Binding site Ltd.. Birmingham, UK). Precipitin ring diameters were 
measured electronically. 

Determination of the synthesis rate of murine IgGl 

20 Syntheas rates (SRs) of IgGl were calculated from die b-phase half lives (days) and 

serum concentrations (c, in mg/ml) using the equation (Mariani and Strober, 1990): 
SR (mg/day/mouse) - (2,77 c)/(Tv4) 

and the constant of 2.77 is derived from: (100 x ta2 x V)/(IV) 
where V = volume of blood (taken as 2 ml for all mice) and IV = % intravascular IgG 1 
25 (takw as 50% for all mice). 



-56- 



wo 97/34631 

FcRn a-chain mRNA expression 



PCT/US97/03321 



Data disclosed herein suggested that FcRn might be involved in regulating serum IgG 
levels. As the site of IgG catabolism has not yet been unequivocally determined (Maiiani and 
Strober, 1990), the expression of FcRn a-chain in a variety of mouse tissues and cdl lines was 
5 analyzed using RT-PCRs™ and primers derived from the FcRn a-chain gene (Ahouse e( al^ 
1993). Southern hybridization was carried out to ensure that the RT-PCRs™ were specific. 
In addition to yolk sac and neonatal brush border, FcRn a-chain is expressed in lung, liver and 
spleen, but not at detectable levels in clonal lynq>hocyte popidations represented by the B cell 
line BCL1/3B3 (Brooks et aL, 1983) and T cell hybridoma 2B4 (Chien et al,, 1984). 
10 Confirmation of the identity of the PCR™ products was obtained by nucleotide sequencing. 

The ubiquitous expression of the FcRn a-chain suggested that it might be produced in 
the endothelial cells within these tissues. Thus, RT-PCR™ analyses were carried out using 
two mouse endothelial cell lines, BIO, D2.PCE and SVEC (O'Connell and Edidin, 1990), using 
primers spedfic for the FcRn a-chain (Ahouse e/ a/, , 1 993). For both lines, expression of 

15 FcRn a-chain mRNA was observed. Consistent with the work of others (Ahouse et al., 1993; 
Kandil et al,, 1995), isolation and sequencing of the gene for the complete coding sequence of 
FcRn a-chain fi-om SVEC cells demonstrated it had the same sequence as that derived from 
C3H/HeJ mice (Kandil et al, 1 995). This sequence differs from the mouse (FVB/N strain) 
FcRn gene originally described (Ahouse et aL, 1993) at codons 26, 52, 212. 230, 244 and 299. 

20 The dianges are silent with the exception of a G to A change at codon 52 (valine to 

methionine). The sequmce of the FcRn a-chain gc«e from BIO, D2.PCE cells diflFers from 
that of the FVB/N strain (Ahouse et aL\ 1993) at codons 52, 212, 230 and 244, and shares the 
same sequence as that of SVEC cells at these portions. The BIO, D2.PCE gene thwefore 
represents a polymorphic variant of FcRn a-chain that has not been described previously. 

25 The liver has been suggested to be involved in IgG catabolism (Fukmoto and Brandon, 

1979; Mariani and Strober, 1990), and therefore the expression of FcRn in this organ was 
analyzed fiirther. Hcpatocytes were isolated from adult mice and analyzed by RT-PCR™, and 
this yielded a PCR™ product of the expected size. As the isolated hepatocytes were not 
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compietdy homogenous (less than 5% contamination with other cells sudi as KupflFer cells), 
RNA was extracted from the mouse hepatoma line, Hepa 1-6, and used in RT-PCR™ analysis. 
This resulted in the isolation of a product of the expected size. The level of expression of 
FcRn in endothelial (SVEC, BIO, D2.PCE) and Hepa 1-6 cell Hnes was studied using 
5 quantitative PCR™, and the FcRn a-chain expression level is approximately 1 000-fold lower 
in SVEC, BIO, D2.PCE cells and Hepa 1-6 cells than in neonatal brush border. 

Binding studies 

Studies wwe carried out to analyze the binding of wild type (WT) and the 
HQ-3 lO/HN-433 mutant Fc-hinge fragments to oidothelial cells. The HQ-3 lO/HN-433 

10 mutant was used as it binds at background levds to isolated neonatal brush border (Kim et aL, 
1994a) and at undetectable levds to recombinant soluble FcRn (Popov et aL, 1996) due to 
mutation of His310, Gto311. His433, Asn434 to Ala310, Asn311, Ala433. Gto434. Bmding 
studies with the endothelial ceU line SVEC indicates that in two independent studies the WT 
Fc-hinge binds at much higher levels than the HQ-3 lO/HN-433 mutant (FIG. 3 A and ¥IG. 3B). 

15 Furthermore, a higher proportion of the bound HQ-3 lO/HN-433 is extracted with CHAPS 
than for the WT Fc-hinge fragment, although this was more marked for the first study (FIG. 
SAandHG. 3B). 

Pharmacokinetic analyses in P2in-/- mice 

The above date support the concept that the ubiquitously ejqpressed FcRn might 
20 regulate serum IgG levels. p2m-/- mice are known to be deficient in the expression of Class I 
MHC molecules and FcRn (Zijlstra et al., 1990; Koller et al., 1990). and therefore provide a 
valuable tool to test this hypotheas. In eariio" studies using BALB/c mice, the 
HQ-3 lO/HN-433 mutant was found to have a significantly shorter P phase half life than the 
WT Fc-hinge fragment (Kim et aL, 1994a). These two recombinant Fc-hinge fragments, in 
25 addition to mlgGl , were therefore radiolabeled and their pharmacokinetics compared in 

p2m-/- and p2m+/+ mice (C57BL/6 x 129/OIa and C57BL/6 backgrounds) (HG. 4A and FIG. 
4B; TABLE III). The p phase half lives of all three protdns in the two P2m-/- mice strains are 
not significantly different and are extremely short (FIG. 4A and ¥1G. 4B; TABLE III). In 
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contrast, the p phase half lives of mIgGI and WT Fc-hinge are substantially longer in P2m+/+ 
mice than that of the HQ-310/HN-433 mutant^ consistent with earlier observations in BALB/c 
mice (Kim et ai, 1994a). Unexpectedly, the half lives of mlgGl and WT Fc-hinge are 
significantly longer in P2m+/+ (C57BL/6 x 129/Ola) than in p2m+/+ (C57BL/6) mice, and 
S further analysis indicated that this is due to the abnormally low levels of serum IgGs in these 
mice. 

To ensure that P2m-/- mice do not have some generalized defect in the maintenance of 
Ig levels, the pharmacokinetics of murine IgA were also determined in both P2m-/- and 
p2m+/+ mice (FIG. 4A and FIG. 4B; TABLE III). There is no significant difference in 
10 clearance rates and the IgA P phase half lives are typical of those observed in oth^ p2m+/+ 
strains (TABLE III and Waldmann and Strober, 1969; Vieira and Rajewsky, 1988). 

Analysis of serum Ig levels 

Determination of serum IgG levels in P2m-/- mice of both backgrounds indicated that 
they are abnormally low (TABLE IV), consistent with the observations of others (Spriggs 

15 et al, 1992; Israel et al, 1995). In addition, for p2m+/+ mice of the C57BL/6 x 129/Ola 
background, serum IgG levels are lower than those of C57BL/6 P2m+/+ mice. The 
concentrations of IgA and IgM have also bera analyzed for both p2m+/+ and p2m-/- mice and 
their levels are in the normal range (Goding, 1983). Based on the pharmacokinetics and senmi 
IgGl concentrations, the synthetic rates of IgGl can also be determined (TABLE V) and these 

20 data are discussed more fiilly bdow. 
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TABLE V 



Synthesis Rates of IgGl in p2ni-/- and fi2m+/+ Mice 


Strain of Mice 


Synthesis Rate (mg/day/mouse) 


32m-/- (C57BL/6) 


0.189 


P2in-/- (mixed)* 


0.220 


32m+/+ (C57BL/6) 


0.946 


32m+/+ (mixed) 


0.083 



*C57BL/6 X 129/Ola background. 



EXAMPLE 4 

The foUoMving example illustrates the increased half life and serum pwsistence of an IgG 
fiagment produced by random mutagenesis of amino add residues proximal to the FcRn-IgG 
intwaction site. The resuhs provide support for the invoWement of Fdln in the homeostasis of 
serum IgGs in mice and also demonstrate a method for increasing the half life of immunoglobulin 
fragments. The indications that a homologous FcRn regulates IgG levels in humans indicates thai 
this approach has implications for increasing the serum persistraice of therapeutic antibodies. 

Construction of Library of Fc-hingc Mutants 

The wild type (WT) Fc-hinge gene (Kim etal.,\ 994a) was used as a template in splicing 
by overiap extension (Horton et al., 1989) witii the foUowing oligonucleotides: HingebakNco 
(Kim et al., 1994a). 5' ATC ACCAEOfiCC GTG CCC AGG GAT TGT GGT TG 3', SEQ ID 
N0:3. {Ncol site indicated by underlining); 252 for, 5' CAA CAC ACG TGA CCT TAG CSN 
NCA GSN NAA TSN NGA GC 3', SEQ ID NO: 10, (N = T.C,G or A and S = A,G or C; S was 
inserted in complement at the wobble position to minimize the generation of stop codons); 252bi 
5' GTC ACG TGT GTT G 3', SEQ ID N0:1 1 ; Xmafor, 5' GCT CCT CCC GGG GTT GCG T 
3', SEQ ID N0:12 (Xmal site indicated by undeiiining). The PCR™ product was digested with 
Xmal and Ncol and used to replace the corresponding segment of the WT Fc-hinge gene (Ncol 
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site in pelB leader and Xmal at position 21 1 of Fc-hinge) in pHENl (Hoogenboom et a!., 1991). 
A library size of 20,000 clones was generated by elearoporation of£. coli TGI as described 
(Marks era/., 1991). 

Fanning of the Library 

The library stock was used to generate phage as described (Marks etaL, 1991). Phage 
(100 ]A oil X 10" p.f u./nil) were panned using a solution panning approach as foUows: phage 
were resuspended in 2% milk powder. 20 mM MES (MM buffer) pH 6.0 and mixed with 350 ng 
recombinant soluble FcRn (Popov et al., 1996) for 1 hour at room temperature with agitation. 
Thirty microliters of a 50% suspension of Ni^MJTA-agarose (Qiagen) in MM buffer. pH 6.0 were 
then added, incubated for 10 minutes and peUeted by centrifiigation. Beads were washed 20 times 
with 0.5 ml MM buffer pH 6.0. and phage were dated by incubation in 100 |il phosphate buffered 
saline. pH 7.4. for 20 minutes at room temperature. Phage were used to reinfect exponentially 
growings CO// TGI as described (Marks e/ a/.. 1991; Ward. 1994). Two rounds of panning 
were carried out. 

Generation of Osmotic Shock Fractions from Sdected Clones 

Colonies from plates resulting firom panning were grown up as 1 ml cultures and induced 
for Fc-Wnge expression as described (Kim etal., 1994a). Osmotic shock fractions were made by 
resuspension of ceD pellets in 15 m1 chloroform (Ames et al., 1984) and dihited 10-fold in 50 mM 
MES, pH 6.0, 0.01% Tween, 150mMNaCl. CeU debris was peUeted by centrifugation and the" 
supematants used in Surfece Ptasmon Resonance (SPR) studies. To estimate the amount of each 
Fo-hinge fragment in osmotic shock fractions, these fractions were analyzed by immunoblotting 
using detection with the anti-c-myc antibody as described previously (Ward et aL, 1989). 

Expression and Purification of Soluble Fc-hinge Fragments 

The genes encoding mutated Fc-hinge fragments were recloned as Ncol-Notl fragments 
into a modified form of VPpelBhis (Ward, 1992) with an inftame NotI site inserted immediately 5' 
to the codons encoding the polyhistidine tag. Recombinant clones were grown, induced for 
expression and Fc-hinge fragments purified as described previously (Kim et al., 1994a). Prior to 
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usem 



SPR studies, Fc-hinge fragments were fiirther purified by size exclusion on a Superdex-75 
(Pharmacia, Piscataway. NJ) column if analytical analysis of the preparation on the same column 
showed more than one peak at a migration corresponding to 55 kDa. 

Pharmacokinetic Analyses 

Proteins were radiolabeled with Na"*I using lodo-Gen (Amersham. Arlington Heights, 
TL) and pharmacokinetic analyses carried out in SWISS (laconic) and BALB/c (Harlan) mice as 
described previously (Kim et al, 1994a). 

Surface Plasmon Resonance (SPR) Measurements 

These studies were carried out using a BIAcore 2000 (BIAcore Inc.) and methodology 
similar to that described previously for analyzing Fc-FcRn interactions (Popov et aL, 1996). 
Binding activities of Fc-hinge fiagments in osmotic shock firactions were semi-quantitatively 
analyzed using FcRn coupled to the BIAcore sensor chip (research grade CM5 chip), and clones 
producing fragments with apparently higher affinities (particularly those with lower oflF-rates at 
pH 6.0) than WT Fc-hinge were examined fiirther as purified proteins. The binding of purified 
Fc-binge fragments at concentrations ranging from 100-300 nM to immobilized FcRn were 
analyzed using a flow-rate of 40 Ml/min. Fc-hinge fragments were also flowed over an uncoated 
CM5 chip, and the sensorgrams from these analyses subtracted from those obtained with FcRn- 
coupled chips using BIA evaluation 2.1 software. For on- and off-rate calculations. Ae same 
software was used to fit data to the equations R = R^l-e^"*"^"^*) and R = RoC- 
respectively. Fitting of data to more complex dissociation models (for example, for two parallel 
dissociation reactions) resulted in negative values for ka, for some mutants, and this model was 
therefore not appropriate. To minimize effects on k.s due to rebinding. eariy parts (first 10-15 
sees) of dissociation plots were used for analyses. For the WT Fc-hinge. this analysis resulted in a 
higher off-rate than that calculated previously (Popov et al., 1996). and is the primary cause of 
the approximate 4-fold lower affinity observed in this example than that described earUer. For 
each Fci. • ge fragment, values of k. and k. were extracted from 3-4 sensorgrams and the average 
value calculated. Kos for each sensorgram were also calculated and the average value 
detennined. 
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Three residues (T252, T254 and T256) that are in close proximity to 1253, solvent 
exposed and not highly conserved. in IgGs (Kabat ei ai, 1991) were chosen for random, PCR™ 
directed mutagenesis. The recombinant Fc-Wnge fragments were expressed as a phage display 
library (approx. 20,000 clones) using the vertor pHENl (Hoogenboom et al., 1991). The 
leakiness of readthrough of the amber codon results in a mixture of Fc-Wnge.gene HI coat protein 
and sohible Fc-hinge fragments being expressed and assembled as phage displayed Fc-hinge 
homodimers linked to the gene m coat protein. Two rounds of panning were carried out by 
bcubating phage preparations with recombinant, soluble FcRn (polyhistidine tagged) in sohition 
followed by capture of phage-FcRn complexes using Ni' -NTA-agarose beads. Bound phage 
were duted^t pH 7.4 to sdect for Fc-hinge ftagmaits that retained pH depmdence of binding 
that was characteristic of the wild type CWT) Fc-hinge. 

RecombinMit Fc-hinge fragments from ten of the clones resulting from the panning vterc 
analyzed further as soluble fragments in osmotic shock fractions of £ coli transfectanls. Using 
surfece plasmon resonance (SPR), five were observed to have a similar or higher aflBnity for 
binding to immobilized FcRn than that of the WT Fc-hinge fragment. The genes encoding these 
Fc-hinge fragments were recloned into a vector with an in-frame C-terminal polj^istidine tag to 
aflow purification of soluble protem on Ni**-NTA-agarose. Following purification, three Fc-hinge 
fragments were found to have HPLC and SDS-PAGE profiles amilar to the WT Fc-hinge (about 
55 ld>a, comprising a mixture of sulfliydryl linked and noncovalently linked homodimere) and 
these proteins were subsequratly analyzed. 

The amino acid sequraces of the three mutants at codon positions 25 1-257 are shown in 
Table VI. The mutants were named according to the amino adds at positions 252, 254 and 256 
(Table VI). The sequences of the remainder of the corresponding genes were the same as that of 
the WT Fc-hinge fragment with the exception of mutant ASA which had a guanosine (G) to 
adenosine (A) change at codon 272, resulting in a change of glutamic add to lysine. This amino 
acid is located in proximity to the hinge region of IgG (Deisenhofer, 198 1) and is therefore 
unlikely to affect the Fc-FcRn interaction. 
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Amino acid sequences of the mutations and flanking 
regions for the Fc-hinge mutants 

Name Sequwice (251-257) 

ASA LAISLAP* 

VSH LVISLHP 

LSF LLISLFP 

♦Readues resulting from mutageneas are indicated in bold. 



Pharmacokinetics of the Fc-hinge Fragments 

The Fohinge fragments were radioiodinated and their phannacokinetics in SWISS mice 
analyzed (Table VH: FIG. 5). Of the three mutants, mutant LSF had a significantly longer p- 
phase halflife than either the WT Fc-hinge fragment or mutants ASA or VSH. The half lives of 
the latter three fragments were not significantly dififerent from each other. Pharmacokinetic 
studies were also carried out in BALB/c mice, and again mutant LSF had a sigmficanfly longer p 
phase half life than either the WT Fc-hinge or mutants ASA and VSH (Table VH). In BALB/c 
mice, as in SWISS mice, the half lives of the latter three fragments were not significantly dififerent. 
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Table Vn 

Pharmacokinetics of the WT and mutant Fc-hinge fragments 

SWISS mice BALB/c mice 

Fc-hinge Number of Mice 3-phase half life Number of mice 0-phase half life 



fragment (hj* 



WT 


9 


123.5 


± 


13.3 


4 


92.8 


± 12.9 


ASA 


4 


116.0 


± 


19.9 


9 


104.6 


± 10.4 


VSH 


4 


98.2 


± 


6.5 


9 


107.1 


± 10.8 


LSF 


9 


152.3 


± 


16.0 


5 


152.8 


± 12.0 



^^J^'^'lJf^ ""^"^ ^''^ Significantly different (p<Q 003 and 

/KO.OOl for SWISS and BALB/c mice, respectively). ^v^u.wjana 

Surface Hasmon Resonance (SPR) Analyses 

The interaction kinetics of each of the three mutants with recombinant, immobilized mouse 
FcRn were analyzed using SPR (Table Vni). AU mutants had similar on-iates (k.s) to that of the 
WT Fc-hinge fragment. The aflBnity (Kd) differences for mutants ASA (4.13 nM) and LSF (2. 16 
nM) compared with WT (7.44 nM) were primarily due to significant differences in off-rates, with 
ASA and LSF having approximately 2- and 4-fold lower k^s. respectively (Table VIII; FIG. 6A 
and no. 6B). The relative affinities of these two mutants were also amilyzed usiiig inhibition 
binding studies in which the ability of each Fc-hinge fragment to inhibit the binding of 
radiolabeled, soluble FcRn to murine IgGl coupled to Sepharose was quantitated. Consistent 
with the SPR analyses, the amount of Fc-hinge fragment needed for 50% inhibition of binding 
decreased m the order WT>ASA>LSF. 
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TABLE Vm 

SPR analyses of the kineUcs of binding of Fc-hinge fragments to FcRn 

-Rlhk^^ kg(M-s')/10' ka(s')/10-^ KD(kA,)(nM) 



Wild type 


6.20 


± 


0.19 


4.61 


± 


0.10 


7.44 


+ 


0.19 


ASA 


5.01 


± 


0.17 


2.07 


+ 


0.03 


4.13 


+ 


0.10 


VSH 


5.38 


± 


0.14 


4.48 


± 


0.40 


8.33 


± 


0.68 


LSF 


4.72 


± 


0.20 


1.02 


± 


0.20 


2.16 


± 


0.36 



Importartly, the mutations had Bttle eflfect on the characteristic pH dependence of the Fc- 
FcRn interaction which is believed to be essential for the correct fiinctioning of this Fc receptor. 
The ofF-rates at pH 7.4 for WT. ASA and VSH Fc-Wnge fiagments were immeasurably fest by 
SPR. However, mutant LSF had a lower off-rate at pH 7.4 than the WT, ASA or VSH fragments 
(FIG. 6A and HG. 6B). although the ofif-rate of approximately 0.027 s' is stiU about 25 fold 
faster than at pH 6.0 (Table VDI). The retention of the pH dependent binding was consistem 
with the suggested involvement of H310. H435 and H436, located in loops adjacent to the 
mutated residues, in mediating this property (Raghavan etaJ., \995, Medesan et aL. 1997). 

The SPR data indicated that the longer half life of mutant LSF relative to WT was 
accounted for by an approximately 3 . 5 fold higher afBnity for interaction with FcRn, which is 
primarily due to a decrease m ofF-ratc. These data are consistent with the concept that FcRn is 
saturable (Brambdl, 1964), and that higher afiRnity Fc fragments have a competitive advantage 
with endogenous IgGs for being salvaged and recycled rather than degraded. However, the ASA 
mutant had a 1.8 fold higher aflBnity for FcRn than WT and yet did not show a significantly longer 
in vivo half life, suggesting that for significant effects on serum persistence to be observed 
substantial increases in afBnity for FcRn binding were required. Alternatively, the mutations in the 
ASA mutant may have resulted in an Fchinge fragment that had lower stability in the serum, due 
to enhanced susceptibility to attack by senim proteases or to denaturation. 
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Analysis of the sequences of the three mutants indicated that a number of different 
residues can be tolerated at positions 252, 254 and 256 without being detrimental to FcRn binding 
(mutant VSH) and for mutants ASA and LSF, the affinity was even improved. In this respect, the 
data indicated that for positions 252 and 256, the WT residues may not make fevorable contacts 
with FcRn as replacement of both T252 and T256 with alanine in the ASA mutant resulted in an 
affinity increase, contrasting with the apparently essential role of 1253 in mediating a high affinity 
Fc-FcRn interaction, as substitution with alanine at this location resulted in a substantial loss 
(3000.fold) in affinity (Popov et al., 1996). It is envisioned that other residues could substitute 
for 1253 without alteration in FcRn binding ability, but 1253 is conserved across all mammalian 
IgGs (Kabat et aL, 1991). 

There appears to be a selection for amino acids with a hydrophobic side chain at position 
252, and sequencing of a further mutant with FcRn binding activity similar to that of the WT Fc- 
hinge revealed Phe at tiiis position. Interestingly, aU tiiree mutants had serine at position 254 
which is also present in the majority of naturaDy occurring IgGs of mouse, rat and man (Kabat et 
aL, 1991). The apparent selection of mutants with serine at this position suggests that for 
retention of FcRn binding activity, serine is the preferred residue. However, the WT Fc-hinge 
(IgGl) has threonine at tiiis position and stiD shows a high affinity Fc-FcRn interaction; therefore, 
it is envisioned tiiat other residues may be present at tins position and FcRn binding activity wiU 
be retained. 

Analyses of tiie sequences of tiie mutants indicated tiiat FcRn bindmg activity was retained 
witii a diverse set of amino adds (Ala, His and Phe) at position 256, suggesting tiiat tins region 
may not be in dose proximity to tiie Fc-FcRn interaction. Residues at tins position are. however, 
highly conserved m rodent and human IgGs (serine or tiueonine in about 94% of IgGs analyzed; 
Kabatetal., 1991), indicating tiiat tiiis amino add might have an as yet unidentified function. Itis 
also possible tiiat tiie hydrophobic side chain of F256 of tiie LSF mutant made favorable 
interactions witii FcRn tiiat could not be made by tiie less hydrophobic alanine or histidine 
residues in tiie ASA and VSH mutants, respectively. Such interaction would explain tiie increased 
affinity of tiie LSF mutant rdative to VSH, as tiiese two mutants only diffia-ed maricedly from 
each other at this position. 
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Mutant LSF had a lower o£F-rate from FcRn than the WT Fc-hinge or mutants ASA and 
VSH at pH 7.4, although this off-rate was significantly fester than that at pH 6.0. This lower off- 
rate implies that the half life of FcRn on the cell surface (pH 7.4) is sufficiently long to allow 
significant amounts of this mutant to dissociate into the serum. In this respect the half life of 
FcRn-LSF mutant complexes at pH 7.4 is about 26 seconds. 

These data extend the correlation between affinity of an Fc-hinge fiiagment for FcRn and P 
phase half life and further support the proposal (Ghetie et al., 1996; Junghans and Anderson. 
1996; Israel et aL, 1996) that FcRn is directly involved in IgG homeostasis. It is envisioned that 
further affinity improvemeaits may be made by targeting other regions of the mlgGl molecule, 
such as those in the surfece loop containing H3 10 in the CH2 domain. The observation that 
^ycos^ated Fc-hinge fi-agments have the same half life as complete glycosylated IgGl (Kim et 
aL, 1994a) indicates that these data have direct rdevance to prolon^ng the serum pffsistoice of 
intact IgGs. Furthermore, the site that has been mutated is distal to the interaction sites of FcyRI, 
FcyRH, FcyRin (Duncan et al., 1988; Sarmay et al., 1992) and complement Clq (Duncan and 
Winter, 1988). suggesting that the mutations resulting in longer scrum perastence will not affect 
either ADCC or complement fixation. Finally, the identification of a human homolog of mouse 
FcRn (Story et al., 1994) suggests that these studies are of rdevance to the optimization of the 
pharmacokinetics of therapeutic antibodies for the treatment of diseases such as cancer and 
autoimmunity. 

EXAMPLES 

In this example, peptides that bind to FcRn with high affinity at pH 6 and low aflfinity at 
pH 7.4 are isolated. Following isolation, binding peptides are analyzed to determine whether they 
compete witii Fc for binding to FcRn i.e., whether they bind to the same or an oveiiapping site. 
Peptides, prepared foUowing the disclosed methodology, may be linked to other therapeutic 
proteins or drugs and thereby effectively increase the half lives of the protons and tag the drugs. 
Small peptides are rehitively easier to make in large quantities compared to fiill length proteins; 
however, to date, peptides have had limited therapeutic use due to thdr short half Uves. 
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Generation of peptide libraries 

The phage display vector pHENl (Hoogenboom et al., 1991) is used. Random peptide 
Ubraries are generated by synthesizing a sense strand oUgonucleotide with randomly inserted bases 
at each position, with the exception of the wobble position that is either T or G in the sense strand 
to minimize the occurrence of stop codons. Initially, oUgonucleotides are designed to encode 10 
and 1 5 amino acids, although this length may be varied. The oUgonucleotides are made with 
overhangs encoding Ncol and Notl restriction sites. OUgonucleotide duplexes are generated using 
the PCR™ and primers that anneal to the 5' and 3' ends of the synthesized oUgonucleotides. The 
PCR™ products are Ugated into Ncol-Notl restricted pHENI and Ugation mbces are transformed 
into competent E. coli ceUs as described previously (Ward, 1995; Popov etal., 1996a). Inserts of 
20-30 individual clones are sequenced (Sambrook et al., 1989) to analyze the diversity of the 
Ubrary. 

Panning of the libraries and sdection of binden 

Libraries of clones are grown up, and extruded phage particles concentrated as described 
previously (Ward, 1 995 ; Popov a/., 1996a). Phage are used in pamiings with the foUowing 
procedure that is designed to isolate high aflBnity (low off-iate) peptides. Phage are incubated 
with sohible biotinylated FcRn at Umiting concentrations (10 nM) in an analogous way to that 
described by Hawkins and coUeagues (1992). with the exception that aU incubations are carried 
out at pH 6. Following a 1 hour incubation, aUquots of the mfarture arc diluted into excess 
unlabeled FcRn (20 fiM) and incubated for vaiying times prior to addition of streptavidin-coated 
paramagnetic beads to capture biotinylated FcRn-phage complexes. Alteniatively. the panning 
procedure described in Example 4 is used. Phage are then eluted with pH 7.4 buflFer and used to 
reinfect E. coli prior to e9q>ansion for a second round of panning. 

Following 2-3 rounds of panning, E coli clones generated by infection with eluted phage 
are grown up and extruded phage analyzed in enzyme linked immunosoibent assays (ELISAs) for 
binding to FcRn coated onto 96 weU microtiter plates. Phage with binding activity are further 
analyzed in competition binding assays in which soluble Fc or IgG is added to the phage prior to 
addition to the wells. Clones producmg phage that are inhibited in their binding to FcRn by 
soluble Fc/IgG are characterized fiutha-. 
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The genes encoding the peptides that bind to FcRn are sequenced and the corresponding 
peptides synthesized. The affinities of the peptide-FcRn interactions are determined using SPR 
and the BIAcore (Pharmada). 

The peptides are synthesized in biotinyiated form to aUow direct coupling to BIAcore 
chips via streptavidin (streptavidin-coated chips are commerdaUy available from a number of 
sources). On- and off- rates at both pH 6 and pH 7.4 are determined using previously described 
methods (Popov et al. 1996a; Jonsson ei al. 1991). Peptides that show the highest affinity at 
pH 6 and/or most marked pH dependence are analyzed fiirther. 

FcRn-mediated transfer of the peptides 

Using methodology analogous to that described for Madin-Darby Canine Kidney (MDCK) 
ceU monolayers expressing the poly IgA receptor (Mostov and Dictcher 1986) an in vitro assay 
for the functional activity of FcRn is developed. This assay allows the detamination of the 
fimctional activity of FcRn in mediating the uafficking of bound ligands from one side of a ceU 
monolayer to the other. An alternative assay would analyze transfer of (radiolabeled) peptides in 
neonatal mice as described previously for Fc firagmems (Kim et al. 1994b). 

For the in vitro and in vivo assays, peptides are synthesized witii N-tcrminal tyrosines and 
radioUd>eled using the lodo-Gen reagent (Amersham). If a peptide contains one or more tyrosines 
at internal positions, tiiis clearly is not a use&l approach. If such is the case, the peptide is 
extended with an N-terminal glycine during synthesis, linked to the resin wa a Rink 

1987) and then directiy coupled to radiolabeled succinimydyl hydroxyphenyl propionate at the N- 
termimis. Various concentrations (1 ng/ml-1 mg/ml) of peptides are added to the appropriate 
side of the transwell. and transfer of peptide across the monohiyer quantitated by gamma 
counting. 

As tiie Fc-hinge has two FcRn interaction sites per molecule, one may prefer to prepare 
"repeat" peptides, that is. a peptide tiiat has two interactive sites per molecule, in order to achieve 
tiie desired pharmacokinetic characteristics (refer to Example 6 and Table X for exemplary data 
demonstrating the improved pharmacokinetics achieved by having two interactive sites per protein 
molecule). 
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EXAMPLE 6 

Site-directed mutagenesis of the murine IgGl Fc region 

Recombinant Fc-hinge fragments have been used to determine the site of the murine IgG 
molecule that is involved in catabolism control (Kim et al., 1994a). Eariier woric indicated that 
Stephylococcal protein A (SpA) complexed with IgG was cleared more rapidly than the 
uncomplexed IgG molecule (Dima et al., 1983). SpA binds to residues that are located at the 
CH2-CH3 domain interfiice (Deisenhofer. 1981) and this suggested that amino add residues 
located in this region are also involved in the control of cataboKsm of the IgG molecule. Thus, 
the Fc mutants have been expressed in recombinant E. colt ceUs and purified using Ni^^JO'A- 
agarose. 

The wUd type (WT) and mutam Fc-hinge fragments are each purified in yields of 0.5 
milligrams per liter of culture. Analyses by HPLC and reducing and nort-redudng polyaayhunide 
gel electrophoresis indicates that the WT and mutant Fc-hinge fragments are expressed and 
purified as disulfide linked homodimers, as would be expected for correctly folded Fc-hinge 



Phannacoldnetics of the WT and mutant Fc-hinge fragments 

The WT and mutant Fc-hinge fragments were radiolabeled using the lodo-Gen reagent 
(Fraker ei al., 1978) and used m pharmacokmetic studies in mice (Kim et aL, 1994a). For all 
proteins, greater than 90% of the cpm were predpitable by 10% TCA. In addition, analyses using 
HPLC (SEC-250 cohrams, Bio-Rad) of plasma samples 24 hours after injection indicated that the 
WT and mutant Fc-hinge fragments persisted in the serum as intact molecules (size 55 kDa) that 
were not associated with other serum proteins (Khn et al.. 1994a). The phannacokiiietic 
parameters are shown in Table EX. 
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TABLE K 

Pharmacokinetic parameters of WT and mutant Fc fragments 



Fc-hinge 
Fragment 


a pnase 
iVx (hours) 


ft nhftS^ 

tVS (hours) 


mrt' 

(hours) 


AVCf (total: 
ng/hour/ml) 


PC' 
(ng/hour) 




1+0 4 


85.3±0.1 


117.1±6.0 


5651±75 


1.85±0.02 


Wilri tvDC 

WW IIU x-J 


10.5±0.8 


82.9±10.0 


104.4±12.8 


1949±257 


5.410.8 


1-253 


6.7±0.2 


20.0±0.6 


16.3±0.8 


548i27 


22.511.2 


HQ-310 


6.0i©.6 


17.5±1.6 


12.1±1.0 


528±127 


20.414.7 


HN-433 


10.3±1.2 


50.3+2.9 


60.0±5.1 


14691232 


6.910.9 


HQ-310/ HN-433 


5.8±0.2 


15.6±0.8 


10.4±0.6 


529±70 


20.014.3 


H-285 


8.7±l.l 


761±4.6 


102.1±21.0 


1572±310 


6.511.5 



'MRT, mean residence time 

^AUC, area under curve 
^PC, plasma clearance 

It is clear from these data (Table IX) that mutations in the CH2 domain (HQ-310 and I- 
253) have a more marked effect on the a and P phase half lives than mutations in the CH3 domain 
(HN-433). However, data from a further study (see Example 10) mdicate that His435 and His 
436 are important for serum persistence and that mutation of His433 and Asn434 individually 
have no effect on serum persistence. Furthermore, the HQ.310/HN-433 mutant has the shortest 
a and 3 phase half lives. To analyze the foWed stete of the mutant Fo-fragments, circular 
dichroism (CD) analyses have been carried out in the range 190-260 mn (Kim e/ al.. 1994a; 
Medesan et oL. 1997). The resulting spectra indicate that the mutations do not result in 
misfolding of the recombinant Fc fragments (Kim et al., 1994a; Medesan et al.. 1997). 
Furthermore, demituration analyses using CD indicate that the WT and mutant Fc fragments aO 
have similar denaturation temperatures (65°C) under the conditions used (10 mM sodium 
phosphate, pH 7.0). As a further control for these studies, a conserved histidine (residue 285, EU 
numbering. Edehnan et al, 1969) of the IgGl Fc has been converted to alanine and the mutant 
(designated H-285) characterized pharmacokinetically (Kim et al.. 1994c). The p phase half life 
(76 +/- 14.6 hours) of this mutant is statistically indistinguishable from that of the WT Fc (Table 
DO. indicating that mutation of a histidine that is distal to the CH2-CH3 domain interfiice 
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(Ddsenhofer et al., 1976) does not affect the cataboUc ntte of the Fc fragment. This further 
supports the idea that the CH2-CH3 domain mutations have specific effects on the 
pharmacokinetics, and do not result in more rapid clearance of the Fc due to a general 
destabilizing effect on Fc structure. 

Expression of the Fc derived fragments 

The genes encoding the CH2-hinge fragment. CH2 domain and CH3 domain were isolated 
using designed oUgonucleotide primers and the PGR™ (Saiki et al, 1988) and ligated into 
VPpelBHis (Ward. 1992) as NcoI-BsiEU fragments. The CH2-hinge. CH2 domain and CH3 
fragments have been expressed and purified using Ni'^NTA-agarose as described (Kim et al.. 
1994c). and the yields of expressed protein are 1 - 1.5 (CH2-hinge). 2 (CH2 domain) and 1.5 - 2 
(CH3 domain) milligrams per Bter of culture. As a control for use in these studies, the anti- 
lysozyme D1.3 Fv (Ward et al.. 1989) was also expressed and purified from recombinant R coti 
cells. 

Analyses using reducing and non-reducing SDS gel electrophoresis indicate that the Fc 
and CHS fragments are expressed as a homodimer. In contrast, the OE-hinge fi^igmeot is 
expressed as a mixture of monomer and -S-S linked dimer. The dimer was separated from the 
monomer using HPLC and used in pharmacokinetic studies. The CH2 domain was expressed and 
purified as a monomer, presumably due to the relative weakness of the CH2-CH2 domain 
impaction in an IgG molecule (Deisenhofer et al., 1976). 

Phannacokinetics of the expressed fragments 

To determine the clearance rates of the IgG fragments in vivo, they were radiolabeled with 
•"-I using the lodo-Gen reagent (Fraker and Speck, 1978). The a and p phase half lives in mice 
were determined as described (Kim et al., 1994a; 1994c). and are shown in Table X. The 
difference in P phase half Uves of the CH2.hinge dimer and CH2 domain monomer suggest that 
two catabolic sites per Augment are needed for serum persistence. 
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TABLE X 

Half-lives of recombinant Fc and Fc-derived fragments 



Derivative 



Number of Mice 



Half Life (hrs) 



IgGl 
CH2-hinge dim«^ 
CH2-hinge monomer 
(reduced & alkylated) 
CH2 
CH3 
Fv 

WT Fc-hinge 
HQ-310/HN-433 
mutant Fc-hinge 
Fc-hybrid 





a-phase 


B-phase 


7 


19.2±1.2 


89.2±10.6 


10 


6.3±1.2 


O X . ox I v/. / 


7 


4.3±0.1 


29.1±1.2 


4 


2.9±0.1 


25.5±2.3 


9 


3.4±0.1 


21.3±2.3 


4 


3.4 


24.1±3.5 


9 


10.510.8 


82.ft±10.0 


7 


5.8±0.2 


15.6±0.8 


16 


7.3±1.2 


37.9±7.1 



To exclude the possibility that the shorter half life of the CH2 domain versus the CH2- 
hinge dimer was due to the presence of the hinge sequences in the latter, the CH2-hiiige dimer 
was converted into a monomer by reduction and alkylation (Kim et al. 1994c). The resulting 
monomer was analyzed pharmacokineticaUy and found to have a short P phase half life (29.1 
hours)similartothatoftheCH2domainmonomer(25.5hours). Thb indicates that two catabolic 
sites per CH2-hingB fragment result in longer senim persistence than one site per CH2-hfaige. 
Alternatively, the size differences between the monomer and dimer may account fijr the 
differences in senun persistence. To investigate this possibifity. a hybrid Fc fragment was made 
which comprised one WT Fc polypeptide assodated with one mutant (HQ-310/HN-433) 
polypeptide. This hybrid was isolated by tagging the mutant Fc with a c-myc tag (in a plasmid 
conferring kanamydn resistance) and the WT Fc with a ffis* peptide Cm a plasmid conferring 
ampidllin resistance) and co-expressing the two polypeptides in the same bacterial ceU (Kim e/ fli 
1994c). Heterodimers were purified using an Ni^*-NTA-agarose cohmin followed by a 9E10- 
Sepharose column (the latter recognizes the c-myc epitope. Ward et al.. 1989). The hybrid 
protdn was used in pharmacokinetic studies (HG. 7 and Table X). The P phase half life of 37.9 
hours fc . ;he Fc-hybrid is less than that of WT homodimers but greater than that of mutant 
homodimers. This indicates that one catabolic site per Fc is insuffidenl to confer the 
pharmacokinetic characteristics of the WT homodimer on the Fc fitagment. Within the framework 
of the BrambeU hypothesis (Brambell et al., 1964; BrambeU. 1966) the data suggest that the 
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hybrid has reduced avidity for binding to protective receptors and as a result is cleared more 
rapidly that WT Fc homodiraers. However, the more rapid clearance of the mutant homodimer 
relative to the Fc-hybrid suggest that the latter retains a higher binding affinity for the protective 
receptors than the homodimer and binding of this Fc-hybrid to recombinant FcRn has recently 
been shown using SPR (Popov et al., 1996b). 

Intestinal transfer of Fc fragments in newborn mice 

The effects of the mutations shown in Table XI on the intestimil transfer of recombinant 
Fc fragments in newborn mice have been analyzed using a variety of approaches which are 
described below. 

TABLE XI 

JPc deriv atives used in intestinal transfer studies 

I>«ignation " Mutation 



WTFc 



None 

^"^^^ ne 253 to Ala 253 

HQ-310 Ms 3 10 to Ala 310 and Gin 3 II to Asn 3 11 

^•^^^ His 433 to AU 433 and Asn 434 to Gin 434 

HQ-310/HN.433 HQ.310 and HN-t33 within same FcWnge 

Fc-hybrid Hybrid comprising heterodimer of WT-Fc-hinge and 
HQ-310/HN-433 mutant 

Direct transfer of Fc fragments from gut lumen to plasma 

The complete IgGl molecule (mlgGl), WT and mutant (HQ-310/HN-433) Fc fragmems 
were radiolabeled and analyzed in in vivo transfer assays in 10-14 day old mice (Kim ei al.. 
1994b). As controls, an Fc fragment produced by papain digestion and an Fab fragment 
used. The hybrid Fc fragment was also analyzed. 



were 



The results shown in HG. 8 indicate that the WT Fc fragment is transferred as weU as the 
Fc-papain and mIgGl. indicating that glycosylation (or lack of it) does not aflfect transfer. This is 
consistent with eariier data of Hobbs and coUeagues (Hobbs ei al., 1992). These results also 
show that mutant HQ-310/HN-433 is impaired in transfer, suggesting that the catabolic site 
overlaps that involved in intestinal transfer and that the Fc-hybrid is impaired in transfer. 
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indicating that two functional sites per Fc are required. This resembles the findings regarding 
need for two catabolic sites in catabolism control (data above and Kim et al. 1994c). 



However, these data do not distinguish between a defect of the mutant Fc fragments in 
binding to the neonatal intestinal receptor, FcRn, and/or transcytosis, and therefore further studies 
involving inhibition of transfer were carried out. 

Competition transfer assays 

In these assays, the abilities of unlabeled WT and mutant Fc fragments to inhibit transfer 
of radiolabeled murine IgGl were analyzed. In addition to the HQ-310/HN^33 mutant, the 
mutants described in Table XI were also used. The results of these studies are shown in Table 
xn. The data dearly show that the mutants are defixtive in conq)eting with the complete IgGl 
molecule for binding to FcRn. Furthermore, the effect of each mutation on half life shows an 
excellent correlation with the effect on inhibitoiy capadty (FIG. 9). 



TABLE xn 

InhibHioD of intestinal transmission of 
radiolabdcd murine IgGl (mlgGl) by recombinant Fc derivatives 



Competitor Inhibition of transmission (%)* 

IgGl 51.4 
Fc-papain ^^-^ 
WTFc 55.3 



20.2 



1-253 

HQ-310 8.9 

HN-433 44.4 

HQ-310/HN-433 5.4 

Fc-hybrid ^1.5 

BSA# . 



8.9 



* rdative to transnussion of radiolabded IgGl in presence of PBS 

# BSA, bovine serum albumin 

To further confinn and extend tiiese results, neonatal brush borders were isolated and used 
in binding studies with tiie WT Fc and HQ-310/HN-433 mutant Fc, in which the ability of mIgGl. 
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WT Fc and HQ-310/HN-»33 mutant to inhibit binding of mlgGl to isolated neonatal brush 
borders was assessed (FIG. 10). 

In conclusion, these studies have resulted in the identification of the site of the murine 
IgGl molecule that is involved in interacting with FcRn during intestinal transfer in neonatal mice. 
The data indicate that the cataboKc site and FcRn binding site are closely related. 

Maternal-retal transfer of WT and mntant Fc fragments 

Studies have been carried out to analyze the matemal-fetal transfer of murine IgGl 
(mlgGl). WT Fc and HQ.310/HN-433 mutant, using the methodology described below in 
Example 9. The data clearly show that the mutant is transferred at significantly lower leveU than 
mlgGl and WT Fc (Table XUI). 



TABLE Xm 





ml^l 


WTFc 


HQ^lO/HN-433 


Radioactivity injected (cpm) 


2.005,435 


1.890.540 


1.958,436 


Radioactivity in matmial 
blood at 3 min. (cpm) 
Radioactivity in maternal 
blood at 4 h.. (cpm) 
Radioactivity in fetuses at 4 h. 
(q>m) 

Percent of transmission 
relative to 3 min. levds 
Percent of transmission 
relative to 4 h. levels 


1,085.000 
725,501 
28,450 
2.71 
4.05 


770.350 
215.431 

13,750 

1.78 

6.38 


836.150 
219.431 

1,359 

0.16 

0.62 



EXAMPLE 7 



The data described above in Examples 3 and 4 indicate that murine FcRn and FcRc (the 
putative 'protective' receptor invohred in catabolism control) are related, and may even share 
common sequences. Thus the isolation of the gene encoding a putative FcRc from murine tissues 
and ceU Unes was undertaken and is described in this example. 
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PCR™ primers based on the sequence of murine FcRn (Ahouse et at, 1993) that are not 
homologous to murine Class I molecules (Simister and Mostov. 1989a) were designed as follows. 
Primer A. 5' CAG GAA OCT GAC CCC TGT GGG NN 3' (SEQ ID NO: 13) 
This primer encodes bases 190-212 of the sense strand of murine FcRn. 
Primer B. TTC CGT CTC AGG CCA CTC CCC NN 3' (SEQ ID NO: 14) 
This primer is complementary to bases 452-474 of the sense strand of FcRn. Note that for both 
primers, two degenerate bases were inserted at the 3 ' end of each primer in case the sequence of 
FcRc did not match FcRn predsely. 

Total RNA was isolated from two endothelial cell lines [SVEC, derived from C3H/HeJ 
mice (O'Connell and Edidin, 1990) and MPCE. derived from hmgs of BlO.DBA/2 mice; obtained 
from Prof P Thorpe and Prof. A. Curtis, respectively] and cDNA synthesis primed with primer 
B. The cDNA was then used in PCRs™ with primers A and B. and for both cDNAs. PCR™ 
products of 285 bp were generated. No product was observed in the negative controls, indicating 
that this result is not due to PCR™ contamination by neonatal murine intestine. The PCR™ 
products were cloned using the TA cloning system (Promega) and sequenced using the 
dideoxynucleotide method (Sanger et oL, 1977). Sequencing of multiple independent clones 
indicates the sequence of the 285 bp fragment is the same as that of FcRn with the occcption of 
one base change (A to G) which converts valine to methionine at codon 73. 

The isolation of this 285 bp fragment from endothelial ceU lines prompted the design of 
PCR™ primers to amplify the genes encoding the transmembrane regions and cytoplasmic tail as 
follows: 

Primer C: 5' TCT GGC TCC TCC GTG CT 3' (SEQ ID NO:6) 
(oicodes bases 640-656 of the sense strand of FcRn) 

Primer D: 5' TCA GGA AGT GGC TGG AAA GGC ATT 3' (SEQ ID NO:15) 
(complementary to bases 1075-1095 of sense strand of FcRn). 

Complementary DNA (cDNA) was synthesized from RNA derived from the two 
endothelial cell Unes, murine heart, liver, lung, spleen, yolk sac. neonatal brush border and T/B 
ceU hydridomas priming with primer D. For tissues. BALB/c mice were used, and the 2B4 (T 
cell; Chien et al.. 1984) and Y-3P (B cell. Janeway et ai, 1984) hybridomas were derived from 
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BIO.A and BALB/cByJ mice, respectively. The use of these cDNAs in PCR™ with primers C 
and D resulted in the isolation of products of the predicted size from all cells except the T and B 
cell hybridomas. In all cases, PCR™ products of the expected size were seen using p-actin 
specific primers. 

There are consistently quantitative diflFerences in the amounts of PCR™ product obtained 
from the above tissues/cells, which in turn suggests different levels of mRNA» with yolk sac and 
neonatal intestine (brush border) producing the highest amounts, and the amounts in the other 
tissues decreasing in the order: liver > spleen, lung > heart. Quantitative PCR™ are carried out 
to assess the mRNA levels in these different cell types. PCR™ products from liver, spleen, 
neonatal brush bord^ and lung have been cloned and sequenced m the region 640-870 and found 
to share a high degree of homology with FcRn. Furthermore, the complete FcRn homolog has 
been isolated from the two endothelial cell lines using primers D and E and multiple indq>endent 
isolates sequenced; tha-e are a total of 4 nucleotide diflFerences, 3 of which are silent and one A to 
G diange (converting valine to methonine) at codon 73. The silent mutations at codons 233, 25 1 
and 265 are also seen in PCR™ products isolated from the liver, spleen, neonatal brush border 
and hmg (derived from BALB/c mice). 

Primer E: 5' ATG GGG ATG CCA CTG CCC TGG 3' (SEQ ID NO: 16) (encodes bases 
1-21 of the sense strand of FcRn, including leader pq)tide). 

The sequence differences between the published FcRn sequence and the FcRn gene 
isolated are most likely allelic diflFerences due to the diflferrat mouse strains used by the inventors 
and Simister and colleagues who used FVB/N mice (Ahouse ei al,, 1993), who found no 
hybridization of an FcRn cDNA probe to mouse placenta, adult mouse proximal small intestine, 
thymus, spleen, kidney nor Uver, although expression at the protein level in mouse fibroblasts was 
not exchided. The reasons for these diflFerences may be due to diflFerences in the sensitivity of the 
methods used /.e. PCR™ versus northern blotting. Consistent with the data, Simister and 
colleagues (Story el al,, 1994) have recently reponed that an FcRn homolog was expressed at 
high levels in human placenta, in addition to ubiquitous expression in many other adult human 
tissues. For the rat also, weak hybridization of FcRn probes to RNA from adult tissues was 
observed after high stringency washes (Simister and Mostov, 1989a; Simister and Mostov, 
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1 989b). Low level expresaon of the receptor involved in the control of catabolism in the 
ubiquitous endothelial cells. i.e. in all vascularized organs, would be consistent with the proposed 
role of this protein in maintaining constant serum IgG levels. These expression data, together 
with the data presented in Examples 3 and 4 above, suggest that FcRc and FcRn are one and the 
same. 

Expression of FcRn in soluble form in the baculovirus system 

The gene encoding the extraceUular regions (codons 1-290, including leader peptide) of 
FcRn has been tagged with 3' Hise peptide codons (Ward, 1992). tailored with BamHi sites using 
the PGR™ and ligated into the Bgia site of pACUWSl (Invitrogen) for expression in the 
baculovirus system (O'Reilly et aL, 1992). The gene encoding p2-microglobulin was also 
amplified using the PGR™ and Ugged with Bgia sites and ligated into the Bamm site of 
pACUWSl . The vector FcRn-pAG was used to transfect Spodopterajhigqterda (S©) cells and 
recombinant viruses plaque purified. A recombinant virus stock has been generated and used to 
infect High-5 cells {Trichoplusia ni; Invitrogen) which expresses higher levels of recombinant 
protein than Sf9 cells. Following 4 days of infection, culture supernatant and lysed peUets were 
passed over Ni*'" NTA-agaiose and bound protein ehited. Using this system, 15 nnffigrams of 
FcRn per liter of celk can be routinely purified. SDS-PAGE and imnnmoblotting (using anti-p2- 
microglobulin sera analyses indicate that the protein is purified as a heterodimer of heavy chain 
and p2-microglobulin. HPLC analysis indicates that the FcRn heavy cham is quantitatively 
associated with p2-micK)globuUn. Furthermore, binding studies with radiolabeled soluble FcRn 
(designated sFcRn) to murine IgGl-Sepharose indicate that sFcRn binds to mlgOl coupled to 
Sepharose in a pH dependent and specific way (Table XIV). 
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TABLE XIV 
Binding of sFcRn to mIgGl-Sepharose 


pHof 
incubation 


Initial radioactivity 
added 


Bound 
radioactivity 


Bound radioactivity 
after pH 7.5 wash 


6.0 
6.0 
6.0 


913,948 cpm# 
937,685 cpm 
937,985 cpm 


271,425 cpm 
227,828 cpm 
70,659 cpm * 


42,552 cpm 
42,656 cpm 
26,492 cpm 


7.5 
7.5 
7.5 


931,302 cpm 
943,936 cpm 
958.958 cpm 


19,576 cpm 
11,556 cpm 
12,339 com 


16,816 cpm 
10,269 cpm 
9,468 cpm 



# specific activity of labeled rFcRn v/as lO' cpm/^g 

Binding of-WT and mutant Fc fragments to FcRn 

Studies in which the binding of '"-I sFcRn to IgG-Sepharose was inhibited by murine 
IgGl. WT or mutant Fc fragments indicate that the 1-253, HQ-310, HQ-310/HN-433 mutants are 
all deficient, relative to WT Fc. in binding to sFcRn. This is consistent with the /« v/w transfer 
data and in vitro binding studies with isolated brush bordws (Table XV). 

TABLE XV 

Inhibition of binding of '"-I labeled sFcRn to murine IgGl-Sepharose 
by murine IgGl, WT and mutant Fc fragments 



Inhibitor 1/500 



% inhibition 
Molar ratio of inhibitor/FcRn 

l/IOOO 



mlgGl 24 7 

WTFc 18 4 

HQ-310/HN-433 0 2 

1-253 2 3 

HQ-310 16 



45.6 

34.1 

4.0 

6.5 

6.1 



Expression of Fc fragments on the surface of bacteriophage 
Construction of phage disphiy vectors 

The phagemid constructs shown m nO. 1 1 were made. The genes encoding the WT Fc 
and HQ.310/HN.433 fragments (including hinge regions) were tailored by the PCRtm for ligation 
as Afcol-Afort fragments into the vector pHENl (Hoogenboome/o/., 1991). The advantage of 
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using pHENl for this work is the foUowing: the Fc gene is linked via a suppressible stop codon 
(amber) to the cpffl coat protein of the filamentous bacteriophage, fd. Thus, transfection of the 
amber suppressor strain £. coli TGI (Gibson. 1984) with the phagemid followed by 
superinfection with helper phage results in extrusion of phagemid particles (Hoogenboom et al, 
1991) that, in this case, bear surface bound Fc fragments. However, the suppression is not 
complete so that a significant proportion of Fc fragments are exported as soluble, unlinked 
molecules (cleariy observed on immunoblots). These soluble Fc fragments therefore associate 
with surfece bound Fc fragments to form homodimers, in a similar way to that described 
previously for the heavy and light chain components on Fab fragments (Hoogenboom et al., 
1991). 

Functional activity of phage displayed Fc fragments: binding to sFcRn 

K coli TGI transformants harboring either the WT Fc or HQ-3 lO/HN-433 mutant in 
pHENl have been grown up. phage extruded and concentrated by polyethylene glycol 
precipitation (Marks e/ a/.. 1991). The phage peUets were resuspcnded in 2% milk powder/PBS 
(pH 6) and purified sFcRn added at a concentration of 1 0 ng/ml in the presence or absence of 50 
Hg of murine IgGl . FoUowing two hours of incubation. sFcRn-phage complexes were isolated by 
the addition of 10 m1 of Ni^-NTA-agarose and the agarose beads washed extensively with 0.1% 
Tween/PBS (pH 6) followed by PBS. pH 6. SpedficaDy bound phage were ehited using 50 mM 
Tris.HClpH7.5 and used to infect exponentially growingjE: co/i TGI as described (Maries a/., 
1991). Infected TGI cells were serially dUuted. plated and the cfii determined (Table XVI). 

TABLE XVI 

Panning of phage bearing Fc fragments against sFcRn 



Number of colomes 


Amount of IgGI 
added (^ig) 


WTFc HQ-310/HN-433 
bearing phage bearing phage 


50 
0 


41 230 
>2000 



From these data and Example 4 it is dear that this system results in the phage display of 
Fc fragments that bind to sFcRn spedfically, and is therefore a suitable system for the selection of 
Fc mutants that have higher affinity for FcRn binding. 
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EXAMPLES 

The this example, the roles of residues His 433. His435 and His 436 in control of serum 
IgG levels and transcytosis are examined in pharmacokinetic studies. It has been noted previously 
that the mIgG2b moleibule has a shorter serum persistence than dther roIgG2a or mlgGl (Pollock 
et al., 1990), but the sequences that are responsible for this have not been mapped. Based on 
earlier data the inventors stipulated that the difference in half life may be due to sequence 
differences in the CH3 domain at positions 433. 435 and 436. In IgG2a and IgGl, the residues at 
these positions are His433, His435 and His436 and data indicate that His435 and His436 (and 
His433 if in the context of the double mutation of His433-Asn434) are involved in regulating 
serum persistence (Medesan et al., 1997). In mIgG2b, the residues at these positions are Lys433, 
Tyr435 and Tyr436. The inventors mutated residues 433, 435 and 436 in mIgG2b to the 
corresponding residues b mlgGl, in the expectation that these mutations might increase the half 
life of the mIgG2b molecule. 



Preparation and radiolabeling of proteins 

Recombinant Fc fragmtaits are purified uang Ni^-NTA-agarose and radioiodinated using 
the lodo-Gen reagent (Amersham) as desaibed previously (Kim et aL, 1994a). 

Pharmacokinetic studies 

Essentially the methodology described previously (Kim etal.,\ 994a) is used. In brie^ 
proteins are radiolabeled, a specific activity of 1 0' cpm/jig is routinely obtained using this method) 
and free iodine is removed by two successive gel filtrations on Sepharose G-25M. Radiolabeled 
Fc fi-agments are analyzed on SEC-250 columns by permeating HPLC prior to injection into mice. 
Radiolabeled proteins are injected into the tail vein in a volume not larger than 1 50 m1 and a 
radioactive load of I -5 x I O' cpm. Mice are bled with heparinized capillary tubes at intervals up 
to 120 hours post injection. Radioactivity present in plasma is determined as described (Kim et 
al., 1994a), and aUquots of the plasma added to 10% trichloroacetic acid (TCA) to determine the 
non-predpitable cpm. Plasma is collected at 24 hours post-injection and analyzed by HPLC on 
SEC-250 columns (Kim ei al., 1994a). 
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Generating a murine IgG2b (mlgGlb) antibody with longer serum persistence 

Unexpectedly, the inIgG2b Fc-hinge fragment, expressed and purified from E. colt, has a 
shorter serum persistence than the complete gylcosylated murine IgG2b molecule (note that this is 
in contrast to the results obtained for the murine IgGl Fc-hinge where K coli expressed material 
has the same half Ufe as complete glycosylated IgGl). Therefore, vectors have been buUt to 
express the complete murine IgG2b molecule (wild type and a mutated derivative in which 
Lys433, Tyr435 and Tyr436 were changed to His433, His435 and His436; the latter is designated 
KYY mutant) using the baculovirus expression system. Expression in insect cells is known to 
result in glycosylated protein, using the same recognition sequences for glycosylation as those 
used in mammaUan cells. The genes encoding the IgG2b constant region were isolated and 
spKced, using the PCR™ and appropriate oligonucleotide primers, to the gene encoding the VH 
domain gene of an anti-lysozyme amibody (Dl .3; AmAetaL, 1986). Similarly, the gene encoding 
the murine Ck domain was spliced to the D1.3 Vk domaia Secretion leaders were also inserted 
upstream of both heavy and Ught chain genes using the PCR™. The immunoglobulin genes 
encoding the Ught and heavy chains were then ligated into pACUWSl (Pharmingen). a 
baculovirus expression vector. 

The vectors were transfected into S© {Spodopterafrugiperda) cells, recombinant viruses 
plaque purified and used to infect High 5 {Trichoplusia ni) cells for expression. FoUowing 4 days 
of infection, recombinant antibodies were purified from the culture supematants using lysozyme 
Sepharose as described (Ward et aL 1989). The mutant mIgG2b (KYY) molecule was purified, 
and its in vivo halflifii analyzed in SWISS mice. The half life has been compared with myeloma 
(B ceU) expressed mIgG2b (unmutated) and mlgGl, and the results are shown in Table XVn. 
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Table XVn 

Half lives of mlgGl, mlgGZb (mydoma expressed) 

and mutated mIgG2b (KYY mutant) 
Antibody p phase half life (hours) 

"^SGI 123.5 + 13.3 

inIgG2b(WT) 56 1 + 5 

inIgG2b (KYY mutant) 110.9 + I6.2 



Clearly, the mutations have resulted in a significant increase in half Ufe (56. 1 hours to 
1 10.9), and the half life of the mutated IgG2b molecule is the same as that of mlgGl in SWISS 
mice. Thus, some or aU of the residue difiFerences at 433. 435 and 436 account for the half life 
differences between wild type mIgG2b and mlgOl . 

EXAMPLE 9 

MATERIALS AND METHODS 

Generation ofMuUted Fc Hinge Fragments Derived from mlgGl 

Mutations were made using designed mutagenic oUgonucIeotides and either spUdng by 
overiap extension (Horton et al, 1989) or site-directed mutagenesis (Carter et al, 1985; Kunkel, 
1985). The mutants are described in Table XVm and the generation of mutants 1253A and • 
H285Ahas been described previously (Kim a/., 1994a; 1994c). For other mutants, mutagenic 
oligonucleotides used in site^lirected mutagenesis were as foUows (underlines indicate mutated 
bases): H433A, 5'-GGTGGTTGGCCAGGCCCCT-3' SEQ ID NO:17; H435A, 
5'-CAGTATGGS£GTTGTGCA.3' SEQ ID NO:18; and H436A, 

5'-CTCAGTAGCGTGGTTGTG-3' SEQ ID NO: 19. Mutants H3 lOA, N434A, and N434Q were 
made using spUcing by overlap extension (Honon et al., 1989) with the following mutagenic 
oligonucleotides: H3 lOA. 5'-CCCATCATGGQCCAGGACTGG.3' SEQ ID NO:20 and 5'- 
CCAGTCCTGGGCCATGATGGG-3' SEQ ID N0:21; N434A. 5'- 
GGCCTGCACGCGCACCATACT-3' SEQ ID NO:22 and 5'- 
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AGTATGGTGCGCGTGCAGGCCCTC-3' SEQ ID NO:23; and N434Q. 
S'-AGTATCXjTGTTGGTGCAG-B' SEQ ID NO:24 and S' CTGCACCAACACCATACT-S' 
SEQ ID NO:25. For all mutants, the corresponding genes were sequenced using the 
dideoxynucleotide method (Sanger et al., 1977) and Sequenase® before functional analysis. 

Expression and Purification of the Recombinant Proteins 

Wild-type (WT) and mutant Fc hinge fragments togged with carboxyl-terminal 
hexahistidine peptides were purified using Ni^* -NTA-agaiose (Qiagen, Chatsworth. CA) as 
described previously QUimetal., 1994a). After dialysis against 15 mM phosphate buffer/50 mM 
NaCl, pH 7.5. the muUmts were either kept at 4°C for short term storage (<10 days) or freeze 
dried for longer term storage. Recombinant soluble mouse FcRn was repressed and purified 
using the baculovirus system as described previously (Popov et al., 1996b) and stored at 4'C. 
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TABLE XVm 
Recombinant Fc-Hinge Derivatives Used in this Study 



Designation 



Mutation 



Domain 



WT Fc-hinge 

1253A* 

H285A' 

H310A 

H433A 

H433A/N434Q* 

N434A 
N434Q 
H435A 
H436A 



None 

He 253 to Ala 
His 285 to Ala 
His 310 to Ala 
His 433 to Ala 



CH2 
CH2 
CH2 
CH3 



His 433 to Ala and Asn 434 CH3 
to Gin 



Asn 434 to Ala 
Asn 434 to Gin 
His 435 to Ala 
His 436 to Ala 



CH3 
CH3 
CHS 
CH3 



•Mutants described previously (Kim et al., 1994a; 1994c) 

Analysis of tiie Mutant Fc Hinge Fragments Using SDS-PAGE and Circubr Dichrvism 
(CD) 

SDS-PAGE (Laenmili, 1970) and CD analyses were conducted as described previously 
(Laemmli, 1970). 



Radidabding of tiie Proteins 

Monoclonal mlgGl, recombinant mouse Fey, hinge fragments, and recombinant mouse 
FcRn (mFcRn) (Popov et al., 1996b) were radiolabeled with ['^a (Amersham. Arlington 
Heights. IL) using the lodogen reagent (Fraker and Speck, 1978) as described previously (Kim et 
al, 1994a). Free iodine was removed by centrifugation on MicroSpin G-25 columns (Phannacia, 
Piscataway. NJ). The specific activities of the radiolabeled proteins were approximately 5 x lO' 
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cpm/ng, with <5% free iodine. The radioactive proteins were stored at 4'»C for not more than 1 
wk before injection into mice. 

Chromatographic Analysis 

AU radiolabeled Fc hinge fragments were analyzed on an 8-250 cohmin (Bio-Rad, 
Hercules. CA) by permeation HPLC. The sera collected from mice injected with radiolabeled Fc 
hinge fragments at 24 h were pooled and analyzed by HPLC on an s-250 column (Bio-Rad). The 
radioactivities of the chromatographic fractions were measured with a gamma counter, and the 
molecular mass and heterogeneity of the radioactive peak were determined. 

Determination of Serum IgG Concentration 

The concentration of serum IgG was determined using radial immunodif&sion with 
Nanorid and Bindarid kits (The Binding Site. Birmingham, UK). Precipitin ring diameters were 
measured electronically. 

Pharmacokinetic Analyses 

Pharmacokinetics of radioiodinated Fc hinge fragments were deteraiined in 6-wk-old 
BALB/c mice (Harlan Sprague-Dawley Laboratory, Indianapolis. IN) as described previously 
(Kime/a/., 1994a; 1994c). 

Matemofetal Transmissmn 

Previously described methodology (Medesan et al.^ 1996) was used with pregnant outbrcd 
SCID) mice (Taconic Co., Germantown. NY) near term (15-18 days). In brief, mice were fed 
0.01% Nal in drinking water and then 1 day later injected with radiolabeled protein (2 x lO' and 5 
X 10' cpm) in the tail vein. Mice were bled with a 20-nl capillary 3 min postinjection. and 24 h 
later fetiises were delivered by cesarean section. The fetuses of a litter were pooled (discarding 
the placenta), washed in saline, weighed, frozen in liquid nitrogen, and homogenized in 10 vol of 
10% TCA The suspension was centrifuged. and the radioactivity of the precipitate was 
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detennined in a gamma counter. The percentage of transmission was calculated with the fonnula: 
% transmission (%T) = (R3)/[(R1-R2) x (W x 0.72)/0.02], where Rl is radioactivity in maternal 
blood at 3 min, R2 is radioactivity in maternal blood at 24 h, W is body wdght (grams), and R3 is 
radioactivity of the fetuses. 



The total weight and number of fetuses in a given litter varied from Utter to litter, and 
therefore, the transmission data are presented per unit weight of fetuses rather than the amount 
transferred per litter (% T/g) (Medesan el aL, 1996). The blood vohmie of pregnant mice was 
considered to be 7.2% of body weight (Guyer et al., 1976). The radioactivity in the maternal 
blood available for transmission to the fetus was calculated by deductmg the radioactivity 
remaining at 24 h from that measured at 3 min after the injection of radiolabeled protein. 

Inhibition orTransintestinal Transfer 

BALB/c neonatal mice (10-14 days old) were intubated with a mixture of ['^mlgGl and 
Fc hinge fragment at a Fc/IgG molar ratio of approximately 2000 as described previously (Kim et 
aL , 1994b). The percentage of inhibition was calculated reUtive to the transfer of the same 
amourt of [''*I]mIgGl without inhibitor. 

Inhibition of FcRn Binding to mIgGl-Sepharose 

All Fc hinge derivatives were dialyzed into 50 mM phosphate buflFcr with 250 mM NaCl 
and 5 mM Na^EDTA, pH 6.0 (PB-6). and adjusted to a concentration of 1 mg/ml. Three hundred 
microliters of Fc hinge (WT or mutant) or PB-6 were incubated in Eppendorf tubes with rotation 
for 30 min at 25»C with 150 pi of mIgGl-Sepharose (1 mg/ml packed gd. 50% suspension), 50 
fil of PB-6 containmg 10 mg/ml OVA (Sigma Chemical Co., St. Louis, MO), and 10 nl of 
['^IJFcRn (0.1 ng/200,000 cpm). Following incubation, 500 ^1 of ice-cold PB-6 was added, and 
the gel was washed three times by centrifugation at 12,000 x ^ for 3 min using ice-cold PB-6- 
(plus 1 mg/ml OVA). The radioactivity bound to the gel was determined. The gel pellet was 
resuspended m 1 ml of PB-7.5 (50 mM phosphate buffer containing 250 mM NaCl, 5 mM 
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Na2EDTA with 1 mg/ml OVA), and the supernatant was discarded after centrifiigation. The 
remaining radioactivity bound to the gel was determined. The radioactivity specifically bound to 
the mIgGl-Sepharose gel was calculated by subtracting the remaining radioactivity firom the 
bound radioactivity. The inhibition of binding of FcRn to mIgGl-Sepharose by Fc derivatives 
was calculated using the equation: % inhibition = 100 - 100 A/B, where A is the specific 
radioactivity bound to mIgGl-Sepharose in the presence of Fc hinge firagment, and E is the 
specific radioactivity bound in the absence of Fc hinge fi-agment. 

Analysis of Binding to Staphylococcal Protein A (SpA) 

SpA-agarose gd (0.5 ml) was equilibrated with BP-7 (50 mM phosphate hcSbx containing 
250 mM NaCl, 5 mM NajEDTA) and 1 mg/ml OVA (BP-7.5). Fifty to one hundred microUters 
of each '^-labeled Fc hinge ftagment containing 50 |ig of protein was loaded onto the cohmm, 
incubated for 1 5 min, and then washed with 10 column volumes of the same buflFer. Bound Fc 
hinge fi-agments were eluted with 100 mM acetic acid. The amounts of radioactivity in the 
flow-throu^ washes, and duates were determined. The ratio of bound/unbound was calculated, 
and the percentage of binding of each mutant relative to the WT Fc hinge ftagment was 
determined. 

RESULTS 

Expression and Analysis of Mouse Fcyi Hinge Mutants 

Plasmids wicoding the WT Fc hinge and mutants (Table XVIH) were constructed, and the 
proteins were expressed and purified using Escherchia coli as a host. With the exception of tiie 
H285 A mutant, the readues that have been mutated are all in close proximity to the CH2-CH3 
domain interface (Deisenhofer, 1981) and are also highly conserved in the IgG isotypes of both 
mouse and man (Kabat et al., 1991). As described previoudy, the radiolabled Fc hinge 
derivatives emerged essentially as single peaks witii a retention time corresponding to 55 kDa 
when analyzed on an s-250 column (Kim et al., 1994a). Taken togetfier with HPLC analyses, 
reducing and nonreducing SDS-P AGE analyses indicated that the Fc hinge derivatives are 
expressed as a mixture of noncovalentiy linked and sulfliydryUinked homodimers. In addition. 
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CD Studies of the Fc hinge derivatives showed that the mutations did not result in large scale 
changes in the structures of the recombinant proteins. 



Pharmacokinetic Analysis of the Fc Hinge Fragments 

Radiolabeled Fc hinge fragments were injected into mice, and the semm radioactivity was 
monitored at various time points following injection. For each Fc hinge derivative, the elimination 
curves in diiferent mice were similar. 

For each recombinant Fc hinge fragment, the seam samples collected at the 24 h point 
from mice within one group were pooled and subjected to HPLC on an s-250 column. For aU the 
Fc hinge fragments, the majority of the radioactivity eluted as a single peak with a retention time 
corresponding to the molecular mass of the injected protein (55 kDa). In agreement with 
previous resuhs (Kim et al.. 1994a), this indicates that the Fc hinge derivatives persist in semm as 
homodimeric molecules and are not proteolytically digested or associated with other serum 
proteins. The pharmacokmetic parameters of the Fc hinge derivatives are shown in Table XEX 
and the a-phase represents the equilibration time between the intra- and extravascular space, 
whereas the P-phase represents the elimination of the equilibrated protein from the intravascuUir 
space. Furthermore, during the a-phase, any misfolded protein molecules that might be present in 
the recombinant protein preparations are eliminated; and therefore, the 3-phase represents the 
elimination of correctly folded protdn from the intravascular ^ace. 

The data clearly dononstrate that some mutations have a agnificant eflfect on the 3-phase 
half-life of the corresponding Fc hinge fragmem. Thus, mutation of H3 10 in the CH2 domain has 
a mariced effect on the catabolic rate (Table XDC). In contrast, mutation of H285, located in a 
loop on the external suifece of the CH2 domain distal to the CH2-CH3 interface (Deisenhofer 
1981), has no effect on the cataboUc rate, and this is consistent with previous findings (Kim et al., 
1994c). Simultaneous mutation of H433 and N434 decreases the p-phase half-Kfe to 77 h (36% 
decrease), while single mutation at each of these positions yielded two mutants (H433A and 
N434A) with the same half-life as the WT Fc hinge. Substitution of N434 with glutamine instead 
of alanine (N434Q) also yielded an Fc hinge fragment with a half-life similar to that of the WT Fc 
hinge (Table A). The half-life of the H433A-N434Q mutart (76.9 h) is greater than the value 
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reported previously (50.3 h) (Kim et aL, 1994a), and this is also observed for the WT Fc hinge 
fragment (1 19 vs 82.9 h), H28A (106 vs 85 h), and I253A (26 vs 20 h). An explanation for these 
apparent discrepancies is that the BALB/c mice used in the present work (from Harlan 
Laboratories) have an IgG concentration of 1.0 ± 0.4 mg/ml (average of 25 mice), which is 
considerably lower than that in BALB/c mice from the animal colony (4.6 ± 0.8 mg/ml) used in 
earlier studies (Kim ei al, 1994a, 1994c). The concentration-catabolism relation (Mariani and 
Strober, 1991) predicts that the half-life of IgG vwll be longer in mice with lower serum IgG 
concentrations, and this may explain the longer half-lives of the Fc hinge fragments in the cases 
above where direct comparisons have been made. 

Mutation of H435 in the CH3 domain has an effect as marked as that induced by mutation 
of 1253 or H3 10 in the CH2 domain, clearly indicating that this CH3 domain residue plays an 
important role in building the catabolic site of mlgGl . Furthermore, the H436A mutant has a 
half-life of 49 h, demonstrating that H436 plays a more minor role than 1253, H3 10, or H435 in 
controllmg catabolism (Table XIX). 

Table XIX 

Catabolism of recombinant Fc-binge fragments in BALB/c mice 



-94- 



wo 97/34631 



PCT/US97/03321 



Fc-hinge Fragment 


a-Phase Half-Life 


P-Phase Half-Life 


WT Fc-hinge 


11.9±0.2 


119 1 + 115 


I253A 


9.0 ±1.8 


26.2 ±1.9 


H28SA 


10.8 ±3.0 


106 4+ 11 7 

A W."T JL XI./ 


H310A 


5.8 ±0.2 


16.8 ± L2 


H433A 


9.6 ±1.0 


114 8 ± 10 8 


H433A/N434Q 


9.4 ±1.1 




N434A 


9.0 ±0.2 


110.0 ±9.2 


N434Q 


11.7 ±0.3 


115.0 ±12.6 


H435A - 


4.4 ±0.2 


17.4 ±2.8 


H436A 


8.5 ±0.3 


48.7 ± 2.4 


Maternofetal Transfer 



The analysis of the phannacokinetics of the Fc Unge fiagments was extended to 
maternofetal transfer studies. The transfer of radiohOwsled Fc hinge derivatives from the 
circulation of near-tem pregnant SCID mice to the fetuses was analyzed by measuring the 
protein-bound radioactivity taken up by fetuses of one litter relative to the radioactivity present in 
the maternal blood during the 24-h interval used for the transfer study. In an eariier study it was 

demonstrated that both wt and mutant Fc hinge fragments are transferred to the fetu^ 
molecules (Medesan etal., 1996). Thus, difiPerences in transfer do not appear to be due to 
differences in susceptibiUty to proteolysis of wt vs mutant molecules. The transmission of I253A, 
H3 IDA, and H435A mutants was only approximately 10 to 20% that of the WT Fc hinge or 
H285A, demonstrating the central role played by these residues in the maternofetal transfer of 
IgG. Thus, these mutations have similar effects on maternofetal transfer and cataboUsm. 
However, the correlation between the P-phase half-life and maternofetal transmission found for 
I253A, H310A, H433A, and H435A was not observed for the H436A mutant. Relative to WT Fc 
hinge, this mutant has a similar activity in maternofetal transmission but a shorter half-life (Table 
XKand FIG. 12A). 
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Intestinal Transfer 

The intestinal transmission of recombinant Fc hinge derivatives was analyzed by measuring 
their abUity to inhibit the transfer or radiolabeled mlgGl across the intestinal barrier of neonatal 
mice (FIG. 12B). The results are consistent with the data obtained for matemofetal transmission 
of the I253A, H310A, and H435A mutants, indicating that the same receptor and mechanism of 
transmission are involved in both transcytotic processes. However, the H436A mutant is 
transferred across the matemofetal barrier of SCID mice almost as efficiently as the WT Fc hinge 
(FIG. 12A) and yet does not inhibit the transfer of mlgGl across the neonatal intestine as 
effectively. Thus, for this mutant, the half-life and inhibition of neonatal transfer are reduced 
relative to the WT Fc hinge, and yet matemofetal transfer appears to be unaffected. 



Affinity for FcRn 

The relative affinities of the recombinant Fc hinge fragments for binding to recombinant 
mFcRn were estimated by measuring their ability to inhibit binding of ['"l]FcRn to 
mIgGl-Sepharose (FIG. 13A). The data demonstrate that in all cases, the mutants with short 
half-Kfe and decreased activity in transcytosis assays (matemofetal and neonatal) also have a 
lower aflSnity for binding to FcRn, with the exception of H436A. Despite a lower relative aflBnity 
for FcRn. this mutant is transferred across the matemofetal barrier as efficiently as WT Fc hinge, 
and yet has a reduced serum half-life and activity in intestinal transfer assays. 



Binding to SpA 

It has been previously shown that the SpA binding site and the cataboUc site are located at 
the CH2-CH3 domain interface of mlgGl (Kimetal., 1994a), and therefore, the effect of 
mutations on the binding of the Fc hinge fragments to SpA were analyzed in direct binding studies 
(FIG. 13B). The data indicate that H310A and H435A are greatly impaired in SpA binding (9- 
12% of WT), whereas mutation of 1253 or H433 has a less marked effect (30-35% of WT). 

This study demonstrates that amino acid residues of the CH2 domain (1253 and H310) and 
CH3 domain (H435 and, to a lesser extent, H436) are involved in regulating the transcytosis and 
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serum persistence of mlgGl Although this conclusion is drawn from the anafysis of recombinant 
Fc hinge fragments that are expressed in an aglycosylated form, earlier studies demonstrated that 
the WT Fc hinge fragment has the same p-phase half-life (Kim ei ai, 1994a) and activity in 
transcytosis assays (Kim etal., 1994b) as complete glycosylated mIgGl. indicating that for this 
isotype it is vaUd to extend studies with aglycosylated Fc hinge fragments to complete IgGs. 
Thus, residues in both domains play a key role in the two processes that invohre FcRn-mlgGl 
interactions. This conchision may appear to contradict an earUer statement thai mutations in the 
CH2 domain have a more marked eflFect than mutations in the CH3 domain (Kim etal., 1994a; 
1994c; 1994b; Medesan et al., 1996). However, in these earlier studies only the effect of 
simultaneous mutation of both H433 and N434 on transcytosis/catabolism was analyzed, and this 
indicated a minor role for these residues. In the current analysis, mutation of each of these two 
amino acids individually has insignificant effects on both transcytosU and catabolism. The most 
plausible explanation for the observed effects of mutation of both H433 and N434 is that 
simultaneous mutation of these two amino acids causes a local perturbation in the orientation of 
the adjacent histidine (H435), which, in contrast to H433 and N434, plays a critical role in the 
FcRn-mlgGl interaction. 

Further analysis of the region encompassing H3 10 and Q3 11. which had previously been 
analyzed in the context of simuhaneous mutation of H3 10, Q31 1 to A3 10, N311, demonstrates 
the central role of H310 in the FcRn-mlgGl interaction. Mutation of H310 to alanine has an 
effect that is as marked as tiiat seen for the H3 10A/Q3 1 IN mutant analyzed eariier. and for this 
reason the effect of mutation of Q3 1 1 alone was not investigated in the current study. In contrast 
to 1253, H3 10, and H435, H436 plays a more minor role in maintaining serum IgG levels and 
transcytosis. Both 1253 and H3 10 are highly conserved in all murine and human IgG isotypes 
(Kabat et aL, 1991). whereas H435 and H436 show a lesser degree of conservation (Y435, Y436 
in mIgG2b; L436 in a mIgG2a allotype; Y436 in human IgGl, IgG2. and IgG4. F436 m human 
IgG3 and R435 in a human IgG3 aUotype). These sequence differences might account for the 
shorter serum half-lives of mIgG2b and human IgG3 (Ward and Ghetie. 1995) relative to other 
IgG isotypes. To date, tiiere are no consistent data available concerning the relative transcytotic 
activities ofdifferent human (Mellbye and Natvig. 1973) and mouse IgG (Guyeref a/., 1976) 
isotypes, and therefore, it is not possible to hypothesize about tiie effects of amino add 
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differences at positions 43 5 and 436 on matemofetal or neonatal transfer. In contrast to IgGs. 
IgM, IgE. and IgA have short serum half-lives and are not transferred across the placental/yolk 
sacbarrierorneonatalgut(Zuckierera/., 1989; WUd. 1973). Consistent with these observations, 
none of the residues shown in this study to be important for mediating the Fc-FcRn interaction are 
present in IgM, IgE, and IgA, although these three Ig classes of both humans and mice share 
significant homology with IgGs in other regions of the respective molecules (Kabat et al, 1991). 

1253 is a highly exposed, hydrophobic residue that is conserved in all IgG molecules 
belonging to mammals (Kabat e/ a/., 1991). Inthisstudy mutation of this isoleudne to alanine 
resulted in considerable decreases in the serum half-life and transcytosis across tiie matemofetal 
barrier or neonatal intestine. This clearly indicates that 1253 folfills a key physiological role 
beyond binding to SpA (Deisenhofer. 1981). The amino acid residues flanking 1253 are involved 
in the binding of human Fc to SpA (Deisenhofer. 1981), and their participation in the binding of 
FcRn cannot be exchided. Thus. M252 is highly conserved in allIgG isotypes of mouse, rat, 
guinea pig, rabbit, and human with a few exceptions, such as mlgGl and rat IgGl/IgG2a, for 
which tiireonine replaces methionine (Kabat et al, 1991). Similarly, position 254 is occupied by 
serine for aU isotypes and species except the above-mentioned mouse and rat isotypes that have 
threonine at this point. These changes in positions 252 and 254 may correlate witii longer half-life 
and more efficient transcytoas of mlgGl compared MWth tiie other isotypes. 

For all mutants except H433A and H436A, binding to FcRn and SpA is impaired to a 
similar degree. H433 A has reduced SpA binding relative to WT Fc hinge, but is unaffected when 
interacting with FcRn. Conversely, die H436A mutation has tiie opposite effect. Thus, although 
tiie SpA and FcRn interaction sites oveiiap, tiie overlap is not complete and tfie "footprints" of 
SpA and FcRn on mlgGl am distinct. This is also consistent with the differences in pH 
dependence tiiat are observed for the FcRn-mlgGl and SpA-mlgGl interactions (Wallace and 
Rees, 1980; Rodewald and Krachenbuhl, 1984; Ey et al, 1978). 

The pH dependence of the interaction between IgG and FcRn (binding at pH 6-6.5 and 
release at pH 7-7.5) (Wallace and Rees, 1980; Rodewald and Kraehenbuhl, 1984) fells in the 
range of the pK vahie of tiie imidazole side chains of histidine. Taken together with ti»e data from 
tiiis study, this information suggests that the marked pH dependence of the IgG-FcRn interaction 
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is detennined by the suifece accessible histidine residues at positions 310, 435, and 436 located at 
the interface of the CH2 and CH3 domains and this conchision is in accord with data of Bjorkman 
and colleagues, indicating that for mIgG2a there are three titratable residues in the pH range of 
6.4 to 6.9 (Raghavan et al., 1995). Consistent with these studies (Raghavan et aL, 1995), 
analysis of the H3 lOA mutant demonstrates that H3 lOA plays a role in mediating the Fc-FcRn 
interaction both in vitro and in vivo. In contrast, however, analysis of H433A and H435A shows 
that for mlgGl, mutaUon of H435 to alanine results in a loss of aflSnity for FcRn, whereas H433 
does not pky a role in FcRn binding. Furthermore, mutation of H436 to alanine results in an Fc 
hinge fragment that has reduced affinity for FcRn. Thus, the histidines that play a role in 
mediating the high affinity of the mIgGI-FcRn interaction are H310, H435, and. to a lesser 
extent, H436. The reasons for the apparent diflferences in H433 and H435 between these data and 
those of others (Raghavan etaL. 1995) are not clear, but in the latter study different isotypes 
(mIgC2a, mIgG2b, and human IgG4) with consequent sequence differences in the residues both 
at and in proximity to the FcRn interaction site were used. Thus, it is conceivable that in the 
context of differences in the sequences of surrounding residues, the relative roles of H433 and 
H435 are distinct in diffo^ent isotypes. 

The close correlation between the eflEect of mutations of the Fc hinge fragments on 
pharmacokinetics, transcytosis across neonatal brush border/yolk sac, and aflRnity for FcRn (Table 
XX) supports the concept that FcRn is invohred in all these processes (Ghetie et al., 1996; 
Junghans and Anderson, 1996). This is also consistent with studies showing that in mice lacking 
FcRn due to loss of pam expression. IgGs have decreased intestinal transmission (Israel etaL, 
1995; Zijlstra et al., 1990) and abnormally short serum half-lives (Ghetie et al., 1996; Junghans 
and Anderson. 1996). For both the control of catabolism and transcytosis. it has been 
hypothesized that only the IgG molecules bound to FcRn are protected from degradation and 
reenter the circulation (cataboUsm) or traverse the yolk sac/neonatal intestine (transcytosis) 
(BrambeU et al., 1964). FcRn was first identified as a fimctional protein in tissues of different 
species (p! 'centa. yolk sac. and brush border of neontal intestine) involved in the transmission of 
antibody from mother to fetus or neonate (Wallace and Rees. 1980; Rodewald and Krachenbuhl, 
1984; Roberts et al., 1990; Simister et al., 1996; Kristoffersen and Matre. 1996; Leach et al., 
1996). More recently, mouse FcRn a-chain mRNA has been isolated from organs not involved in 
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maternal transmission of IgGs, such as liver, hmg, heart, and spleen (Ghetie et al., 1996). Rat and 
human homologues of FcRn have also been found to be ubiquitously expressed at the mRNA level 
(Story etal, 1994; Simister and Mostov, 1989b; Blumberg etai, 1995). This strongly suggests 
that FcRn might be synthesized by the endothelial cells within these organs. Consistent with this, 
FcRn a-chain mRNA (Ghetie et al. , 1996) and the corresponding protein have been isolated from 
cultivated mouse endothelial ceUs (SVEC). suggesting that endothelial ceUs might be the site of 
IgG cataboUsm. The isolation of a human homologue of FcRn from human placenta (Simister et 
al., 1996; KristofFersen and Matre, 1996; Leach etal.. 1996) that is ubiquitously expressed in 
adult tissues (Story et al., 1994) together with the high degree of conservation of 1253, H310, and 
H435 in human IgGs (Rabat et al., 1991) indicate that the same mechanisms of matemofetal 
transfer and homeostasis of semm IgGs are operative in humans. Understanding these processes 
in molecular detail has impfications both for the modulation of the pharmacokinetics of 
therapeutic IgGs and for the enhancemem of matemofetal transfer of IgGs that might be of vahie 
in passive immunization of fetuses. 
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TABLE XX 
Pearson's Correlation Coefficient Test 





Catabolism 


Intestinal 
Transfer 


Aflinity for 
FcRn 


Protein A 
Binding 


Matemofetal 


r=0 8703 


/=0.8928 


r=0.8358* 


r=0.8838 


Transmission 


/?=0.0049 


;M).O028 


/7=0.0097 


/F=0.0036 


Catabolism 




r=0.9450 


r=0.9776 


r=0.7107 






/>=0.0004 


p=0.00003 


/7=0.0482 


Intestinal Transfer 






r=0.9531 
/;=0.00025 


/^.8361 
/?=0.0097 


AflBnity for FcRn 








r=0.7709 
p=0.0251 



'Correlation coeffident excluding values obtained for H436A; r=0.9917; />=0.00001. 

The pH dependence of the FcRn-IgG interaction (Wallace and Rees, 1980; Rodewald and 
Kradienbuhl. 1984) suggests that the subceDular site (ceU sui&ce or intraceUular conq)artment) at 
which binding occurs diflFers for neonatal transcytosis and matemofetal transfer/control of 
catabolism, as discussed previously (Ghetie et al., 1996). Other unknown fectors. such as the rate 
of recycling in these diflFerent cellular compartments, may also play a role in determining the 
effective concentration of FcRn. These diflFerences between the processes and the cell types ' 
involved, despite the involvanent of a common receptor, may e>q)hiin the behavior of the H436A 
mutant, for which the half-life, intestinal transfer, and aflBnity for FcRn do not correlate with the 
matemofetal transmission as closely as for the other mutants. A fiirther explanation for the 
anomalous eflFects of the H436A mutation might be as follows: mutation of H436 to alanine does 
not have as marked an eflFect on catabolism, inhibition of intestinal transfer, and binding to FcRn 
as those observed for I253A, H310A, and H435A, and m contrast to the other three assays, the 
matemofetal transfer assay is conducted in the absence of competition by endogenous IgGs using 
sen) mice. Thus, in this situation the effect of this mutation on matemofetal transfer only 
manifests itself if an analysis of the time course of transmission is conducted or if transfer is 
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analyzed in the presence of endogenous comprting IgGs in, for example, BALB/c mice. In 
contrast, for mutants such as I253A, H310A, and H435A that have lower afiSnity than H436A for 
binding to FcRn in competition assays, the low activities in aU three in vivo assays (cataboUsm, 
matemofetal transfer, and inhibition of neonatal transcytosis) correlate closely. 

In summary, this study has resulted in the unequivocal identification of a role for three 
highly conserved histidines of mlgGl (H310, H435. and, to a lesser degree, H436) in die 
control of catabolism and matemofetal/neonatal transcytosis. Thus, taken together with earlier 
data implicating 1253 in these processes, these residues are critical for the FcRn-mlgGl 
interaction. This study further extends the evidence in support of the involvement of FcRn in 
both transcytOMS and catabolism, and has relevance to understanding the molecular 
medianisms that regulate these essential ftmctiwis of IgGs. 

EXAMPLE 10 

The power of bacteriophage display for the affinity improvement of antibodies for binding 
to cognate antigen has already been demonstrated. In this study, the system will be used to 
express mutated Fc ftagments and to select for higher affinity variants for binding to FcRn. For 
this work, milligrams quantities of soluble FcRn (sFcRn) are used and the WT Fc fingment is 
expressed in fimctionally active form on the surface of phage. 

Strategy for mutagenesis 

Previous work has indicated that De 253. His310, His433.Asn434, His435 and His436 
playarole, either directiy or indirectly, in binding to Fdln (Kim e/ a/., 1994a; 1994b; Medesan e/ 
aL. 1997 and Example 9). Residues flanking these key residues, and have side chains that, from 
the X-ray structure of human IgGl (Deisenhorfer, 1981). are most likely exposed in the vicinity of 
the CH2-CH3 domain interface were selected for random mutageneas. Furthermore, these 
residues should not be conserved within and across species (e.g. in mice compared with humans), 
suggesting that they are not (direaly) involved in catabolism control and transcytosis (or some 
other important fonctions of IgGs). Examples of such residues for the murine IgGl isotype are. in 
EU numbering (Edelman et al., 1969), Thr252, Thr254. Thr256 (see Example 4 for analysis), 
Met309, Gln3 1 1, Asn31 5 in the CH2 domain and His433 and Asn434 in the CH3 domain. 
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Prior to random mutagenesis, the efiFect of mutating eadi of these residues to alanine on 
binding of the Fc fragment to sFcRn is analyzed. If any of these residue changes lower the a£Bnity 
by more than lO-foId, they are not mutated randomly. However, most of these residues listed 
above are not highly conserved (Kabat et cd., 1991) and it is therefore believed that they are likely 
to play a key role in the Fc:FcRn interaction and by extension, in control of catabolism and IgG 
transcytosis. As His433 and Asn434 are highly exposed on a loop protruding from the CH3 
domain (Deisenhofer, 1981), there are few flanking residues that would be preferred candidates 
for mutagenesis. A greater number of mutations are made in the CH2 domain than in the CH3 
domain. 

These residues are randomly mutated in groups of 2-6 (for example, Gln309/Arg3 15 
random mutants are combined with Thr252, Thi254 and Thr256 random mutants) using 
oligonucleotides that match the flanking codons precisely but insert random bases in the codon 
positions corresponding to the readues mutated. For insertion of mutated codons that are distal 
to each other, withm the same Fc gene, two rounds of PGR™ are used with two or more different 
oligonucleotides. The random bases in the oligonucleotides are deagned so that the wobble 
position of the codon end in A and to avoid biases towards particular amino acids, C may also be 
removed from the wobble position (as desoibed by Hoogenboom and Wmtcr, 1992). Mutated 
genes are either assembled by splicing by overlap extension (Horton etal., 1989) or by uang 
unique restriction sites (if located in the proximity of the mutation site). Following mutagenesis, 
approximately 20 clones made using each mutagenic oligonucleotide are sequenced using the 
dideoxynucleotide method (Sanger et cd., 1977). Expression levels of approximately 20 clones 
are analyzed usmg the anti-myc antibody 9E10 and immunoblotting as described previously (Ward 
etaL, 1989). 

Sdection of MuUnts with Higher Affinity for Binding to FcRn 

Two strategies for selection of higher variants from libraries of mutated Fc genes are used. 
In the first, mutated genes are assembled m pHENl (Hoogenboom et aL, 1991) and used to 
transfect E. coli TiGl . As indicated above, the leakiness of suppression results in both soluble Fc 
and phage bound Fc fragments being exported from the recombinant ceUs, and these should 
assemble as homodimers on the surface of phage. Phage bearing Fc fragments ("Fc-phage*) are 
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propagated, concentrated by polyethylene glycol precipitation and panned on sFcRn coated 
Dynabeads/Ni^*-NTA-agarose as described previously (Marks et al., 1991; Ward, 1977; Popov ei 
al., 1995). sFcRn are purified fi-ora baculovirus infected insect cells as described previously 
(Popov c/ a/., 1996). Rounds of panning followed by phage propagation should result in 
enrichment for higher affinity binders. In addition, to select for higher aifiiMty variants, 
procedures analogous to that described by Winter and colleagues (Hawkins et al., 1992) are used; 
first, phage are mfaced with smaU amounts of soluble biotinylated sFcRn (<1 ng) such that the 
antigen is in excess over the phage but at a concentration lower than that of the dissociation 
constant that is required (7.8 nM; Raghavan et al., 1994). sFcRn bound Fc-phage particles are 
then used, and Ni^-NTA-agarose added to separate sFcRn bound phage Second, to select for Fc 
fragments with lower off rates, Fc-phage particles are preloaded with biotinylated sFcRn and then 
diluted in to esccess unlabeled antigen for variable times prior to addition of streptavidin coated 
beads as described previously (Hawkins et al. , 1 992). Altemaitvely, the selection metiiod used in 
Example 4 is utilized. 

All binding steps are carried out at pH 6 and bound phage duted at pH 7.4 prior to 
infection of exponentiaUy growing^ coli TGI cells. FoUowing several rounds of panning, the 
host strain are switched to tiie non-suppressor strain E. coU HB2151 (Maries et a/. , 1991). The 
Fc variants arc analyzed as sohible secreted Fc fragments in EUSAs with sFcRn coated plates, 
using biotinylated Fab fragments derived from the anti-myc tag antibody, 9E10. for detection 
(note, the complete 9E10 antibody is not used as this is a murine IgGl antibody and competes 
witii Fc fragments for binding to FcRn). For this, Fc fragments are purified bom recombinant E. 
coli cells using the c-myc tag as an affinity purification tag (Maries et al., 1991; Popov et al., 
1995); alternatively, tiie genes are recloned as Ncol-Notl fragments into a vector derivative of 
vppelBHis (Ward, 1992) with an in-firame polyhistidine tag for purification using 
Ni^*.NTA-agarose. For detection of His* tagged proteins, tiie Fc fragments are biotinylated prior 
to use (Amersham biotinylation kits). All binding steps in EUSAs are carried out at pH 6. 

As the murine Fc fragment is expected to have a high affinity for binding to FcRn (by 
analogy with tiie rat FcRn:Fc interaction), it may be difficuk to select variants witii increased 
affinity for tiie FcRn Fc interaction, particuhirly if tiiere are two fimctional binding sites per Fc 
(increasing tiie avidity). Thus, an approach based on earUer Fc-hybrid work (Kim et al., 1994c) is 
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taken. The Fc-hybrid comprises a heterodimer of one WT Fc polypeptide associated with one 
mutant (HQ-310/HN-433) and has a reduced binding aflSnity due to loss of avidity, as the 
HQ-310/HN-433 mutant binds FcRn poorly (Kim e/ a/.. 1994b;Popov etcd., 1996b). Thus, 
co-expression of randomly mutated WT Fc fragments with HQ-3 10/HN.433 may facilitate the 
selection of higher affinity variants which bind strongly to FcRn as monomers. Such mutants can 
subsequently be expressed as homodimers and their affinities as bivalent fragments determined. 

Randomly mutated Fc fragments (derived from WT Fc) are Ugated into a modified version 
of pHENl that has the stop codon removed by site-directed mutagenesis (ZoUer and Smith, 
1982). Thus, foQowing transformation into K coli all random mutants are expressed as cpID 
Unked fiisions. K coli is also co-transformed with a plasmid made previously by ligatiiig the 
HQ.310/HN-433 Fc gene mto pBGS19 (a derivative of pUCl 19 that confers kanamydn 
resistance; Spratt et al., 1986). Double transfectants are selected on ampidllin plus kanamydn 
plates (as described by Kim etal., 1994c; Riedmiann et cd., 1988) and phage propagated, 
concentrated by polyethylene glycol predpitation and panned on sFcRn coated Dynal 
beads/Ni^*-NTA-agarose using the approaches lor the selection for higher affinity variants 
described above. 

To express higher affinity variants as sohible secreted protons, the genes are recloned into 
pHENl and expressed usingE co/iHB2151 ashost. Alternatively, the genes are cloned into the 
VppelBHis (Ward, 1992) derivative to aUow purification using Ni^-NTA-agarose as above. 
ELISAs are also carried out as above. 

Aflinity Measurements of Higher Aftinity Varianls 

Fc mutants with higher affinity for FcRn are purified from recombinant K coli ceUs using 
the c-myc epitope or polyhistidine peptide as an affinity purification tag as described previously 
(Ward, 1992;N4aricse/a/., 1991; Popov a/.. 1995). The affinities of these Fc fragments for 
birdmg to sFcRn are determined using surface plasmon resonance (SPR) and the BIAcore 
(Karlsson et al., 1991). This approadi has been used to analyze antibody-antigen interactions 
(Ward. 1994; Borrebaeck et al., 1992), and Bjorkman and colleagues have diaracterized the 
interaction of IgG with rat FcRn using SPR (Raghavan et al., 1994; Popov et al., 1996b). 
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Studies are carried out to determine both the equilibrium binding constant and the kinetic 
dissociation constant (Kd = k^, where and k« are off and on rates, respectively). Purified 
sFcRn are directly coupled to a CMS chip (Pharmacia) using the standard amine coupling 
procedure. For chemical coupling, sFcRn are coupled in 10 mM acetate buffer (pH 5.5) at 20 
Hg/ml. Initially, both types of sensor chip are used and the relative amount of correctly folded 
sFcRn bound are determined using either murine IgGl or WT Fc. Fc firagments are transferred to 
BIAcore running buffer (10 mMHEPES, 3.4mMEDTA. ISOmMEDTA, ISOmMNaCland 
0.05% P20, pH 7.4) uang either a desalting column or dialysis and initially used in a 
concentration range of 0.05-0.5 mg/ml. These Augments are also purified by size exclusion 
(HPLC) immediately prior to use to remove aggregates, as this is essential to avoid artifacts. 
Flow rates of 5-30 nl/min are used. 

As an alternative assay format, Fc fiagmems are coupled to CMS chips as above, and 
sFcRn in BIAcore running buffer is initiaUy used in the concentration range of 0.05-O.S mg/ml. 
Initial studies are carried out to analyze the interaction between sFcRn and conq)lcte IgGl/WT Fc 
and are then extended to analysis of the mutant Fc firagments that putativdy have higher afiBnities. 

Pharmacokinetics of maternal-fetal and intestinal transfer of Fc mutants 

The methodology as described above in the preceding Examples is used. 

Incorporation of higher affinity mutation into JffilA 

Of the murine isotypes, IgG2a is the most efficient at ADCC and also carries out 
complement mediated lysis effectively (Herlyn and Koprowski. 1982; Bindon et al., 1988). The 
calaboUc site residues Ile253. His310. His43S and His436 are also present in IgG2a (Table T) and 
consistent with this, the half lives of IgGl and IgG2a are similar (PoUock et al., 1990). Thus, to 
improve the transcytosis and senim persistence of this isotype, the same mutations that are found 
to result in improved transcytosis and serum persistence of IgGl are incorporated into a 
recombinant Fc fragment derived from the Y-3P hybridoma (lgG2a; Janeway et al, 1984). 
Recombinant Fc fragments are purified and analyzed using the same methods as those described in 
previous Examples. 
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A construct for the expression of the murine IgGl antibody (anti-arsonate) is tailored 
using the PGR™ with suitable restriction sites for ligation into pRLl (Riechmann et al., 1988) and 
used to transfect myeloma NSO cells. In addition, mutations of Fc fragments that result in higher 
affinity binding to FcRn, increased transcytosis and, possibly, improved serum persistence are 
incorporated into the Fc gene of this construct using site-directed mutagenesis (ZoUer and Smith, 
1982). All mutants are sequenced (Sanger et al., 1977) prior to expression analysis to ensure that 
there are no second site mutations. 

Stable transfectants are generated by electrpporation of NSO ceUs foUowed by selection 
using mycophenoHc add as described previously (Riechmann et al., 1988) or more preferably by 
using the baculovirus system to transfect insect ceUs as described in Example 8. This tetter system 
is preferred as it is fester. For NSO ceU trasnfections. clones are isoteted by limiting dihition and 
the expression levels of individual clones is determined by pulsing the cells with "S-methionine 
foBowed by SDS-PACffi of culture supematants. PAGE gels are dried down and 
autoradiographed. IgGl mutants are purified using arsenate (Ars)-Sepharose or protein 
A-Sepharose (however, it is conceivable that the mutations that resuh m higher aflBnity bmding to 
FcRn have a detrimental effect on protem A binding, and therefore the use of Ars-Sepharose may 
be preferable). The WT and mutant IgGl antibodies are radiolabded and used in 
pharmacokinetic, maternal-fetal transfer and intestinal transfer studies as described (Kim et aL; 
1994a; Kim c/ a/., 1994c). 

Other isotypes 

The genes encoding murine isotypes (or mutant derivatives) other than IgGl are used to 
replace the IgGl constam regions in the expression construct described above. These constructs 
are used to transfea NSO cells and Ars specific antibody purified using Ars-Sepharose or 
SpA-Sepharose. Ahematively, complete glycosylated IgGs are expressed in the baculovirus 
system as described in Example 8 for murine IgG2b. These amibodies are used in 
pharmacokinetic, maternal-fetal transfer and mtestinal transfer studies as described above. 
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Mutations at the CH2-CH3 domain interface and effects on complement fixation and 
ADCC 

If the mutant antibodies are to be used in therapy with their own functions (complement 
fixation and ADCC), it is important to ensure that if they bind to FcRn with higher afiBnity and, as 
a consequence, are transcytosed more efficiently, and have longer serum persistence, they also 
retain their original properties with respect to ADCC and complement fixation. Murine IgG2a 
and 2b are most effective at complement fixation and ADCC (Herlyn and Koprowski, 1982; 
Bindon et al., 1988) and therefore it is particularly important to check that these have not lost 
activity. In contrast, murine IgGl is relatively inactive in these two effector fimctions (Herlyn and 
Koprowski, 1982; Bindon et al, 1988). The following assays are therefore carried out. 

Complement mediated lysis 

Methodology similar to that described by Duncan and Winter (1988) is used. Sheep red 
blood ceUs (RBCs) are washed in PBS and resuspended at iC ceUs/ml. Arsonate is coupled to 
the ceUs by adding -p-azobenzenearsonate-L-tyrosine-t-Boc-N-succinimide using previously 
described methodology (Hariow and Lane. 1988). Cells are washed three times in complement 
fixation dihient (CFD) and resuspended at lO' cells/ml. Cells are labeled by incubation with 
Na"CrO« (0.2 mis per ml of cells, specific activity, 1-10 mCi/ml) for 4 hours at 3TC. Serial 
dilutions of antibody (wUd type and mutants) are made in CFD in flat bottom wells of 96 weU 
plates. Fifty microliters of a 1:10 dihition of guinea pig serum and 100 jil derivatized labeled cells 
are added to each weU. Results are expressed using the foUowing formula: 

(observed rdeas e - spontaneous release) „ 
Specific ^'Cr release = total incorporated activity 



ADCC 



EssentiaUy the methodology of Sarmay and coUeagues (1992) is used. Murine or chicken 
RBCs are derivatized with arsonate and pulsed with Na^CrO* as described above. Serial dflutions 
of WT and mutant antibodies are added to weUs of 96 well pUtes (containing lO' cellsAvell) and 
effector ceUs added to the target ceUs in ratios ranging firom 0.5-5 (effectortarget) As effeaor 
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ceUs, mouse peritoneal macrophages or P388D1 ceUs activated with IFN-y (Nathan era/.. 1983) 
are used. Cells are incubated for 12 hours at 37>C and specific "Cr release determined as above 

EXAMPLE 11 

This example describes Fab fragments which have much longer seium persistence than 
F(ab')2 fi-agments that do not bind to FcRn. These fi^gmems represent non-Fc Ugands that bind 
to FcRn, with a range of affinities, and have longer serum persistence. 

Isolation of F(ab')j fragments that have long serum persistence 

New Zealand white rabbits were immunized subcutaneously with soluable. recombinam 
FcRn (Popov era/.. 1996b)using 100 jxg FcRn emulsified in incomplete Freund'sadjuvam for 
subsequent injections at two weekly intervals umil a suitable anti-FcRn titer had been reached . 
Polyclonal sera was then isolated and IgGs purified using protein A-Sepharose (Pharmacia, 
Piscataway. NJ). The IgGs were digested with pepsin to gem^e F(ab'), and Fc fragments, and 
purified F(ab')2fragmems separated from Fc and any undigested IgG using protein A-Sepharose. 
Ami-FcRn F(ab')2 fragments were purified using FcRn-Sepharose and then absorbed using MHC 
ckss I expressing RMA cells to remove cross-reactive anti-MHC class I F(ab')2 fragments. 
F(ab')2 fragments tiiat do not bind to FcRn rcomroP F(ab')2) were obtained from preimmune 
sera of rabbits usmg the same methods for purification of IgC5s foUowed by digestion witi, pepsia 
Both F(ab'),preparaions were radioloabeled with lodogen. as described previously, and used in 
clearance studies in SWISS mice (3-1 mice per group). The P phase half lives were 24.6 ±3.6 
hours for the control F(ab'),and 78.2 ± 4.8 for the anti-FcRn F(ab% Cleariy the anti-FcRn 
n^'h fragmems (or. most likely, a subset of the F(ab')2 within the polyclonal population) had 
long serum persistence that approaches the P phase half life of murine IgGl or Fo-hinge in the 
same strains (about 1 20 hours). 



While the compositions and methods of tiiis invention have been described in terms of 
preferred embodiments, it wiD be apparent to those of skiU in the art that variations may be 
appUed to the composition, methods and in the steps or in the sequence of steps of the method 
described herein witiiout departing from the concept, spirit and scope of the invention. More 

-109- 



wo 97/34631 PCT/US97/03321 

specifically, it will be apparent that certain agents which are both chemically and physiologically 
related may be substituted for the agents described herein while the same or similar results would 
be achieved. All such similar substitutes and modifications apparent to those skiUed in the art are 
deemed to be within the spirit, scope and concept of the invention as defined by the appended 
claims. All claimed matter can be made without undue experimwttation. 
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SEQUENCE LISTING 
(1) GENERAL INFORMATION: 

(i) APPLICANT: 

(A) NAME: Board of Regents, The University of Texas 

System 

(B) STREET: 201 West 7th Street 

(C) CITY: Austin 

(D) STATE: Texas 

(E) COUNTRY: U.S.A. 

(F) POSTAL CODE (ZIP) : 78701 

(G) TELEPHONE: (512) 418-3000 

(H) TELEFAX: (713) 789-2679 

(ii) TITLE OF INVENTION: IMMUNOGLOBIN-LIKE DOMAINS WITH INCREASED HALF 
LIVES 

(iii) NUMBER OF SEQUENCES: 25 

(iv) COMPUTER READABLE FORM: 

(A) MEDIUM TYPE: Floppy dis)c 

(B) COMPUTER: IBM PC coii5>atible 

(C) OPERATING SYSTEM: PC-DOS/MS-DOS 

(D) SOFTWARE: PatentIn Release ttl.O, Version #1.30 (EPO) 



(2) INFORMATION FOR SEQ ID NO: 1: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 33 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: single 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 1: 
ATCACCATGG CCGGCAGACC GAAGGCTCCA CAG 



(2) INFORMATION FOR SEQ ID NO: 2: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 34 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: single 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 2: 
TACAGGTGAC CTTACCAGGA GAGTGGGAGA GGCT 
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(2) INFORMATION FOR SEQ ID NO: 3: 

(i) SEQUENCE CHARACTERISTICS: 
(A) LENGTH: 32 base pairs 
<B) TYPE: nucleic acid 

(C) STRANDEDNESS: single 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 3 
ATCACCATGG CCGTGCCCAG GGATTGTGGT TG 



(2) INFORMATION FOR SEQ ID NO: 4: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 31 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: single 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 4 
ATCAGGTGAC CTTGGTTTTG GAGATGGTTT T 



(2) INFORMATION FOR SEQ ID NO: 5: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 33 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: single 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 5 
ATCACCATGG CCGAAGTATC ATCTGTCTTC ATC 



(2) INFORMATION FOR SEQ ID NO: 6: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 17 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: single 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 6 
TCTGGCTCCT CCGTGCT 
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(2) INFORMATION FOR SEQ ID NO: 7; 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 35 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS : single 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 7: 
ATCATCTAGA TTTTTTTGTT GGGGCCAAAT TTATG 



(2) INFORMATION FOR SEQ ID NO: 8: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 39 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: single 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 8: 
ATCACCATGG CCGGTAGGAT GCGCAGCGGT CTGCCAGCC 



(2) INFORMATION FOR SEQ ID NO: 9: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 34 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: single 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 9: 
ATCAGTCGAC CTTGGAAGTG GGTGGAAAGG CATT 



(2) INFORMATION FOR SEQ ID NO: 10: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 38 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: single 

(D) TOPOLOGY: linear 

(ix) FEATURE: 

(A) NAME/KEY: inodified_base 

(B) LOCATION:21. .34 

(D) OTHER INFORMATION :/note= "N = A, G, C or T 



(ix) FEATURE: 

(A) NAME/KEY: roodif ied_base 

(B) LOCATION: 20 

(D) OTHER INFORMATION :/note= "S = G or C 
(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 10: 
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CAACACACGT GACCTTAGCS NNCAGSNNAA TSNNGAGC 



(2) INFORMATION FOR SEQ ID- NO: 11: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 13 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS : single 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 11: 
GTCACGTGTG TTG 



(2) INFORMATION FOR SEQ ID NO: 12: 

(ij SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 19 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: single 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 12: 
GCTCCTCCCG GGGTTGCGT 



(2) INFORMATION FOR SEQ ID NO: 13: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 23 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: single 

(D) TOPOLOGY: linear 

(ix) FEATURE: 

(A) NAME/KEY: modif ied base 

(B) LOCATION: 22. .23 

(D) OTHER INFORMATION: /note== "N = A, G, C, 
(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 13: 
CAGGAAGCTG ACCCCTGTGG GNN 
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(2) INFORMATION FOR SEQ ID NO: 14: 

(i) SEQUENCE CHARACTERISTICS: 
(A) LENGTH: 23 base pairs 
<B) TYPE: nucleic acid 

(C) STRANDEDNESS: single 

(D) TOPOLOGY: linear 

(ix) FEATURE: 

(A) NAME/KEY: modif ied_base 

(B) LOCATION: 22. .23 

(D) OTHER INFORMATION :/note= "N = A, G, C, or T" 
(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 14: 
TTCCGTCTCA GGCCACTCCC CNN 



(2) INFORMATION FOR SEQ ID NO: 15; 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 24 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: single 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO; 15: 
TCAGGAAGTG GCTGGAAAGG CATT 



(2) INFORMATION FOR SEQ ID NO: 16: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 21 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: single 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 16: 
ATGGGGATGC CACTGCCCTG G 



(2) INFORMATION FOR SEQ ID NO: 17: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 19 base pairs 

(B) TYPE: nucleic acid 

(C) STRTU^DEDNESS: single 
(D> TOPOLOGY: linear 

(xij SEQUENCE DESCRIPTION: SEQ ID NO: 17: 
GGTGGTTGGC CAGGCCCCT 
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(2) INFORMATION FOR SEQ ID NO: 18: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 18 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: single 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 18: 
CAGTATGGGC GTTGTGCA 



(2) INFORMATION FOR SEQ ID NO: 19: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 18 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: single 

(D) TOPOLOGY: linear 

(xi) SEQXraiCE DESCRIPTION: SEQ ID NO: 19: 
CTCAGTAGCG TGGTTGTG 



(2) INFORMATION FOR SEQ ID NO: 20: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 21 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: single 

(D) TOPOLOGY: linear 

(xi) SEQUQJCE DESCRIPTION: SEQ ID NO: 20: 
CCCATCATGG CCCAGGACTG G 



(2) INFX>RMATION FOR SEQ ID NO: 21: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 21 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: single 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 21; 
CCAGTCCTGG GCCATGATGG G 
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(2) INFORMATION FOR SEQ ID NO: 22: 

(i) SEQUENCE CH7VRACTERISTICS: 

(A) LENGTH: 21 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: single 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 22: 
GGCCTGCACG CGCACCATAC T 



(2) INFORMATION FOR SEQ* ID NO: 23: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 24 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: single 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 23: 
AGTATGGTGC GCGTGCAGGC CCTC 



(2> INFORMATION FOR SEQ ID NO: 24: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 18 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: single 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 24: 
AGTATGGTGT TGGTGCAG 



(2) INFORMATION FOR SEQ ID NO: 25: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 18 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: single 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 25 
CTGCACCAAC ACCATACT 
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CLAIMS 



1. A composition comprising a mutant IgG molecule having an increased serum half- 
S life relative to IgG» and wherein said mutant IgG molecule has at least one amino acid 

substitution in the Fc-hinge region. 

2. The composition of claim 1, wherein said IgG is a human IgG. 

10 

3. A composition comprising a mutant IgG Fc-hinge fragmrat having an increased 
serum half-life relative to the serum half-life of IgG, and wherein said fragment has an 
increased binding affmity for FcRn. 

15 

4. A composition comprising a mutant IgG Fc-hinge fragment having an increased 
serum half-life relative to the serum half-life of IgG, and wherein said fragment has the 
same or slightly lower affinity than IgG for binding to FcRn. 

20 
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5. The composition of claim 1 or claim 3, wherein said molecule or fragment has an 
amino acid substitution at one or more of the amino acids selected from number 252, 254, 
256, 309, 311 or 315 in the CH2 domain or 433 or 434 in the CH3 domain. 

5 

6. The composition of claim 5, wherein said molecule or fragment has three amino 
acid substitutions at amino acid number 252, 254, 256, 309, 311 or 315 in the CH2 domain 
or 433 or 434 in the CH3 domain. 

10 

7. The composition of claim 6, wherein said molecule or fragment has the following 
amino acid substitutions: leucine for threonine at position 252, serine for threonine at 
position 254 and phenylalanine for threonine at position 256. 

15 

8. The composition of claim 1 or claim 3, wherein said molecule or fi:agment has a 
dissociation constant for binding to FcRn at pH 6, of less than about 7 nM as measured by 
surface plasmon resonance analysis. 

20 

9. The composition of claim 1 or claim 3 further defined as a pharmaceutically 
acceptable composition. 

25 10. The composition of claim 5, wherein said amino acid substitutions are generated by 
random mutagenesis. 
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11. A method of increasing the serum half-life of an agent comprising conjugating said 
agent to a mutant IgG or IgG Fc hinge fragment having an mcreased scrum half life of 
claim 1 or 3. 

12. The method of claim 1 1 , wherein said agent is a therapeutic drug. 

13. The method of claim 1 1 , wherein said agent is an antigen binding polypeptide. 

14. The method of claim 1 1 , wherein said agent is an antigen or a receptor binding 
ligand. 



15. The method of claim 14, wherein said receptor binding ligand is a T-cell receptor 
binding ligand. 

16. A method of making an antibody with an increased serum half life comprising: ' 

identifying a first amino acid in an IgG hinge region that is suspected of being 
directly involved in FcRn binding; 

idMtifying one or more second amino acids wherein each of said second amino 
acids is in the spatial region of said first amino acid, and wherein the side chain of 
said second amino acid is exposed to solvent in the native antibody; 

making an antibody with a random amino acid substitution of one or more of said 
second amino acids to make a mutant antibody; and 
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identifying a mutant antibody having an increased serum half life. 
5 17. The method of claim 16, further comprising the step of isolating said antibody. 

18. The method of claim 16, wherein said first amino acid is amino acid number 253, 
310, 435 or 436 of die Fc fragment. 

10 

19. The method of claim 16, wherein said second amino acid is amino acid number 252, 
254, 256, 309, 31 1 or 315 in the CH2 domain or 433 or 434 in die CH3 domain. 

15 

20. The method of claim 16, wherein two or more of said second ammo adds are 
mutated in a single mutant antibody. 

20 21 . An antibody having an increased serum half Ufe, wherein said antibody is made by 
the method of claim 16. 

22. A composition comprising an Fc fragment comprising the fragment from about 
25 amino acid 250 to about amino acid 440 of an IgG antibody, further defined as: 

having a higher binding affinity for FcRn tium said IgG antibody; 

having one or more amino acid substitutions in a region near one or more FcRn 
30 binding amino acid residues; and 
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having a higher binding affinity for FcRn at pH 6 than at pH 7.4. 

23. A method of decreasing endogeneous serum IgG in a subject comprising 
administering to said subject an effective amount of die composition of claim 22. 

24. A method of screening an agent for an increased serum half-life relative to the 
serum half^life of IgG, comprising the steps of: 

obtaining a candidate agent; 

measuring the binding affinity of said agent to FcRn at pH 7.4 and at about pH 6; 

selecting a candidate agent with a higher binding affinity for FcRn at about pH 6 
dian at pH 7.4; and 

comparing the binding affinity of said selected agent to FcRn to the binding affinity 
of IgG to FcRn under identical conditions; 

wherein an increased binding affinity for FcRn relative to the binding affinity of IgG is 
indicative of an agent with an increased serum half-life. 

25. The method of claim 24, wherein said candidate agent is a peptide or polypq)tide. 



26. The method of claim 25, wherein said peptide or polypeptide is an antibody or a 
fragment of an antibody. 
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27. The method of claim 25, wherein said peptide is selected from a random peptide 
library. 

5 

28. The method of claim 25, wherein said polypeptide is a protein. 



10 29. The method of claim 28, wherein said protein is a randomly mutated protein. 

30. The method of claim 25, wherein said pq>tide is a synthetic pqpti(te. 

15 

31 . The method of claim 25, wherein said peptide is a chotnical compound isolated firom 
a random library of synthetic chemical compounds. 

20 32. A method of increasing matemofetal transfer of either antibodies or drugs or 

proteins or other therapeutic agents comprising administering to said subject an effective 
amount of the composition of claim 22. 

25 33 . A method of increasing the serum half-life of a ther^utic agent comprising: 

conjugating said therapeutic agent to an agent having an increased serum half-life 
relative to the serum half-life of IgG identified by the method of claim 23. 
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